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Abstract 
The Southern African Amateur Radio Satellite Association (SA AMSAT) is designing and 
manufacturing an amateur satellite based on the CubeSat design.  The mission of SA AMSAT is to 
provide Radio Amateurs in Southern Africa with access to a Low Earth Orbit (LEO) Satellite on as 
many of the available passes as possible.  Rather than acquiring a CubeSat from an established 
company, they have decided to manufacture the entire satellite themselves and have reached out to 
the Stellenbosch University to help improve on their current spaceframe prototype.  A CubeSat is a 
10×10×10 cm cube that can weigh up to 1.33 kg.  This design offers a less expensive alternative for 
space enthusiasts to explore the cosmos, even though the total weight is very limited.   
For a CubeSat to be allowed to launch, it must adhere to certain specifications outlined in the CubeSat 
Design Specifications document.  This places several restrictions on the satellite in terms of weight, 
size and centre of gravity, and innovative solutions needs to be explored during integration to meet 
these specifications.  Having a spaceframe that can easily be assembled and disassembled will help 
smooth out the integration stage and save a lot of time that can now be allocated elsewhere in the 
development stages.   
The increasing relevance of resource efficient manufacturing is prevalent through the continually 
rising costs of resources and energy.  In order to stay competitive, one must develop resource efficient 
process chains to gain an advantage in the market.  This study focused on developing a resource 
efficient process chain to manufacture a modular CubeSat spaceframe.  This spaceframe must adhere 
to the CubeSat Design Specifications, as well as meet all of the customer’s needs.  A unique assembly 
process was designed that eliminated the need for screws structure together.  Instead the spaceframe 
relies on interference fits, and utilizes the unique deployment method of the P-POD to ensure that the 
assembly does not fail.   
A material selection procedure was utilized, along with resource efficient manufacturing process 
chains to develop a CubeSat structure that was very cost effective to produce, was easily assembled 
and disassembled and weighed less than most of the market leading CubeSat structures.   
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Opsomming 
Die Suid-Afrikaanse Amateur Radio Satelliet Vereniging (SA AMSAT) is in die proses om ‘n 
amateur satellite, wat gebaseer is op die CubeSat ontwerp, te vervaardig. Die missie van SA AMSAT 
is om Radio-amateurs in Suider-Afrika te voorsien met toegang tot 'n Lae Omwnteling (LEO) 
Satelliet.  In plaas daarvan om 'n CubeSat by 'n gevestigde maatskappy te verkry, het hulle besluit om 
die hele satelliet self te vervaardig en het die Universiteit Stellenbosch genader om te help met die 
vervaardiging van die vlugraam.  'n CubeSat is 'n 10 × 10 × 10 cm kubus wat tot en met 1.33 kg kan 
weeg. Hierdie ontwerp bied 'n goedkoper alternatief vir toegang tot die ruimte, alhoewel die totale 
gewig baie beperk is. 
Voordat 'n CubeSat toegelaat moet word om deel te neem aan ‘n ruimtevlug, moet dit voldoen aan 
sekere spesifikasies soos uiteengesit in die CubeSat-ontwerpspesifikasiedokument. Dit plaas verskeie 
beperkings op die satelliet in terme van gewig, grootte en swaartepuntposisie, en innoverende 
oplossings moet tydens die integrasie proses ondersoek word om aan hierdie spesifikasies te voldoen. 
As jy 'n vlugraam het wat maklik ann mekaar gesit en uitmekaar gehaal kan word, sal die integrasie 
proses glad verloop en baie tyd bespaar wat nou elders in die ontwikkelingsfases toegewy kan word. 
Die toenemende relevansie van hulpbron-doeltreffende vervaardiging kom voor deur die koste van 
hulpbronne en energie wat voortdurend styg. Om mededingend te bly moet 'n mens hulpbron-
effektiewe proseskettings ontwikkel om 'n voordeel in die mark te verkry. Hierdie studie het gefokus 
op die ontwikkeling van 'n hulpbron-doeltreffende prosesketting om 'n modulêre CubeSat-vlugraam 
te vervaardig. Hierdie raam moet voldoen aan al die CubeSat-ontwerpspesifikasies, asook aan al die 
behoeftes van die kliënt. 'n Unieke metode is ontwerp wat die behoefte aan skroewe vir die aan mekaar 
sit van die struktuur uitskakel. In plaas daarvan berus die vlugraam op interferensie-pas tegnieke, en 
gebruik die unieke ontplooiingsmetode van die P-POD om te verseker dat die raam nie uitmekaar val 
tydens die ruimtevaart nie. 
'n Keuringsprosedure om die optimale material vir vervaardiging te bepaal is aangewend, tesame met 
verskeie hulpbron-doeltreffende vervaardigingsproseskettings om 'n CubeSat-struktuur te ontwikkel, 
wat baie koste-effektief is om te produseer. Dit was maklik aan mekaar gesit en uit mekaar gehaal en 
weeg minder as meeste van die markleidende CubeSat-strukture. 
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Chapter 1: Introduction 
1.1 Project Background and Origin 
1.1.1 History of the CubeSat Project 
Stanford University’s Department of Aeronautics and Astronautics established the Space Systems 
Development Laboratory (SSDL) in 1994 with the purpose of providing project based learning 
programs for engineering students [1].  The goal of this program is for students to gain experience in 
systems engineering and was designed to take the students through the life cycle of a project.  In this 
case, the project was the design, development, fabrication, testing, launch integration and space 
operations of a microsatellite [1].  The Orbital Picosatellite Automated Launcher (OPAL), Stanford 
University’s first student built satellite was launched on January 26, 2000 [2].  Opal had three primary 
payloads: the mothership/daughtership mission, the magnetometer testbed and the accelerometer 
testbed, the first of which would inevitably pave the way for CubeSats, as we know today.     
The CubeSat program was initially conceptualised as a tool to not only help teach students about the 
process involved in the development of a spacecraft, but the launching and operational processes as 
well [3].  The driving force behind the idea was to create a small and inexpensive standardized satellite 
design to support a wide variety of demonstration applications while having a much shorter 
development cycle [4].  The ideal program would allow graduate students to see the development of 
a spacecraft through its entire lifecycle by providing a hands-on experience, and inevitably producing 
competent graduates who are able to become productive members of the industry right after 
graduating [3].  The accelerated schedule of the CubeSat program allows students to be involved in 
the complete life cycle of a satellite, including mission requirements and planning; design, analysis 
and testing; fabrication, assembly and quality control; system level testing; integration and launch 
and ground based satellite operations [5].   
A key enabler to the CubeSat approach is the development and use of a standardised deployment 
system, which from the perspective of a launch provider, will appear identical from mission to 
mission, in terms of interface and functionality [3].  The development of the Poly-Picosatellite Orbital 
Deployer (P-POD) was driven by the need for consistency in the design and launching of the 
picosatellite class CubeSat systems [6].  The P-POD was developed to meet these primary goals [3], 
[6]: 
 Protect the launch vehicle (LV) and the primary payload 
 Provide a safe and reliable deployment system for the CubeSats 
 To maintain flexibility in launch vehicle options 
 
The flexibility of the P-POD for LV options, in conjunction with its ability to hold multiple satellites 
and combine them as a single payload, greatly decreases the launch costs.  Since its conception, the 
P-POD has undergone multiple design changes.  Figure 1 is a depiction of the P-POD Mk. III, which 
is the current version being used.  The P-POD MK. III offers a larger access port on  two sides of the 
deployment vehicle, larger spring plungers for easier CubeSat integration, and door bracket 
modifications to account for shear relief of the release mechanisms [6].   
Stellenbosch University  https://scholar.sun.ac.za
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From this standardised launch vehicle design, a CubeSat standard was born.  A CubeSat is a 10 cm 
cube with a mass of up to 1.33 kg [7].  This is known as a 1U design, and designs of up to 3U is 
available to launch via the P-POD.  Table 1 below illustrates some of the most common CubeSat 
units in use today.    
Table 1: Most commonly used CubeSat units (Adapted from [7]) 
CubeSat Unit Dimensions (l×h×b) Maximum Weight 
1U: 
 
100×100×113.5 mm 1.33kg 
1.5U: 
 
100×100×170.25 mm 2.00kg 
2U: 
 
100×100×227 mm 2.66kg 
3U: 
 
100×100×340.5 mm 4.00kg 
Figure 1: Poly-Picosatellite Orbital Deployer (P-POD) MK. III (Adapted from [6]) 
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The standard deployment system allows the CubeSat Program to function with reduced mission costs 
and accelerates the satellite development time [5].  This framework enables universities and 
organizations worldwide to develop and launch Nano-satellites at a more affordable rate.  Presently, 
the CubeSat Project is an international collaboration with more than 100 universities, high schools, 
and private firms developing picosatellites containing scientific, private, and government payloads 
[7].  
In an attempt to further extend the capabilities of CubeSats beyond that of academic and technology 
validation, the 6U and 12U platforms have been proposed to achieve more complex science and 
defence goals.  Mars Cube One (MarCO), as seen in Figure 2, is a 6U CubeSat being developed by 
NASA’s Jet Propulsion Laboratory for the upcoming InSight mission to mars.   
InSight will be the twelfth mission of NASA’s Discovery Program, and will perform the first surface-
based geophysical investigation of Mars [8].  The scientific goals of the insight mission are to 
understand the formation an evolution of terrestrial planets through investigation of the interior 
structure and processes of Mars, and to determine the planets current level of tectonic activity and 
impact flux.   
 
1.1.2 The South African Amateur Radio Satellite Association 
The South African Amateur Radio Satellite Association (SA AMSAT) is a specialist organization 
that focusses on amateur satellites and weak signal communication.  They have embarked on the 
journey of designing and manufacturing their own communications satellite based on the CubeSat 
principle.  The primary mission of the CubeSat will be to provide radio amateurs in Southern Africa 
with access to a Low Earth Orbit (LEO) satellite on as many of the available passes as possible.  They 
hope to stimulate interest in space and amateur radio amongst young South Africans by making 
satellites more accessible to all.  The secondary mission will be to carry a scientific payload, designed 
by an educational institution in South Africa, into orbit, further increasing the participation in the 
project and facilitating in the development of Science, Technology, Engineering and Mathematics 
(STEM) in young South Africans.   
Due to the high costs associated with the development of a satellite, the team at SA AMSAT have 
decided to design and manufacture the satellite themselves.  Because of the relatively low costs 
associated with the CubeSat platform, the decision was made to utilise this design for the project.  
Figure 2: MarCo 6U CubeSat spacecraft 
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This design offers a unique challenge to find the optimal strength-to-weight ratio of the spaceframe 
in order to maximise the payload capabilities of the satellite.  Previous work has been done on this 
subject and a Material Selection procedure was designed to help with the process of designing and 
manufacturing a spaceframe prototype.   
Apart from the spaceframe, several other components needs to be designed, manufactured, 
successfully integrated and tested before the CubeSat will be considered for launch.  The primary 
payload of the CubeSat will consist of a linear transponder with a 70cm uplink and a 2m downlink, 
utilizing a bandwidth of 20 kHz for both Frequency Modulation (FM) and Single Sideband 
Modulation (SSB), while a separate 70cm frequency will be used for command and control purposes.  
Frequencies in the range of 435.100 MHz to 435.140 MHz is currently under consideration for the 
uplink and frequencies between 145.860 MHz and 145.980 MHz are being considered for the 
downlink.   
 
1.1.3 South Africa’s Titanium Strategy 
South Africa’s Department of Science and Technology (DST) have been spearheading a research-led 
industrialization initiative over the past eight years, with the aim of establishing a titanium metals 
industry in the country [9].  South Africa does not contribute to, or benefit from any downstream 
beneficiation of the mineral, in spite of the fact that South Africa’s reserve base is approximately 16% 
of that of the World. 
The DST, in collaboration with other South African departments such as the Department of Public 
Enterprises (DPE), have developed the South African Titanium Industry strategy framework [9].  This 
framework, aims to deliver titanium related competencies across the entire titanium value chain, from 
production of titanium minerals to the manufacture of final products [9]. The production of titanium 
metal powder via a proprietary process will provide South Africa with a sustainable competitive 
advantage to initially enter the market.  It is intended to build on this platform to expand the local 
industrial capacity and capabilities to include the production of titanium mill products such as plate, 
sheet and bar material [9].  From here the manufacturing industry will be able to capitalize on the 
rapidly growing demand for titanium by producing finished products targeted at the industrial, 
aerospace and biomedical markets [9].    
In order for South African Titanium Strategy to be realised, the technology building blocks required 
for the establishment of a titanium industry in South Africa needs to be developed and 
commercialised.  The Titanium Centre of Competence (TiCoC), based and led by the Council for 
Scientific and Industrial Research (CSIR), operates within a network where various research 
institutions, universities, and industrial partners collaborate to address the development of these 
technology platforms [9].  A key building block of the TiCoC model is targeted at the machining of 
titanium metal.  Rather than solely focussing on improving the competency for machining titanium, 
the TiCoC is developing improved process chains for the production of finished parts in the 
aerospace, automotive and biomedical industries [9].  This will allow local manufacturers to develop 
high-end skills and build the capacity to position themselves to competitively participate in national 
and international supply chains. 
The research of this study forms part of the Titanium Centre of Competence and is aimed at 
developing a resource efficient process chain for a modular titanium CubeSat spaceframe. 
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1.2 Problem Statement 
The issue of energy and resource efficiency has increasing relevance in the manufacturing industry.  
The rising prices of energy and resources, coupled with an environmentally conscious society has put 
pressure on manufacturers to continuously improve their business processes.  By adapting a more 
resource efficient approach, and having a refined process chain, it is possible for a company to enter 
a product into the market and retain a competitive edge over established competitors.   
The use of the CubeSat platform to carry out missions in space have greatly increased over the last 
decade, when compared to other satellite classes.  This surge in growth is supported by massive 
advancement in the technologies used by these small satellites.  This environment is an excellent 
incubator for innovation, which in turn promotes a steady growth in the industry.  The biggest limiting 
factor of the CubeSat platform is the weight restriction of the final satellite, which can force the 
designers to either compromise on certain aspects of the design, or move the satellite into a different 
class.  Although the advancement of the technologies used by the satellites are big, the same 
innovation is not shared when it comes to spaceframe development.  Several companies have brought 
a good product to market, but never improved on the design when it was successful.   
The problem that SA AMSAT is facing at the moment is that the current prototype for the space frame 
takes up more than 35% of the total allowable weight of the satellite.  This leaves a lot of room for 
improvement through innovative designs and manufacturing processes.   Through the development 
of a resource efficient process chain, it would be possible to manufacture a modular CubeSat 
spaceframe according to customer specifications.  By focusing on modularity, the spaceframe can be 
integrated with many systems and carry a wide variety of payloads.  Taking into account the weight 
restrictions imposed by the CubeSat Design Specifications document, care should be taken to keep 
the spaceframe structurally sound, and not just focus on weight saving.   
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1.3 Research Questions 
When taking the problem statement into account, it is evident that several knowledge gaps exist that 
must be filled, in order to create a resource efficient process chain to manufacture a resource efficient 
process chain.  The following research questions arose from the introduction and problem statement: 
 Does South Africa have a history when it comes to satellite design and development of 
satellites? 
 What does the future market allocation look like, and who are the current major manufacturers 
of CubeSat spaceframes? 
 What innovations in design and material selection can be used to gain an advantage over the 
current spaceframe designs? 
 What is resource efficiency and how can it be incorporated into the process chain design? 
 How does the final CubeSat prototype compare with current spaceframe designs? 
 
1.4 Research Objectives 
This study aims to develop a resource efficient process chain to manufacture a modular CubeSat 
spaceframe.  In order for this to be realised, the following research objectives arose from the research 
questions: 
1. Determine the market allocation for small satellites and identify the current major 
manufacturers of CubeSat spaceframes.   
2. Investigate methods to gain a competitive advantage during the manufacturing process of the 
CubeSat spaceframe. 
3. Design a modular spaceframe that is easy to assemble, affordable to manufacture and meets 
all of the customer needs and design specifications. 
4. Develop a resource efficient process chain that will provide the CubeSat spaceframe with a 
competitive edge.   
5. Validate the design by comparing the prototype to the other leading products on the market.    
 
1.5 Project Scope 
This study included the investigation of the current and future market allocation for small satellites.  
As satellites in the range of 1 – 10 kg is the most popular in this class, the assumption is made that 
this is a good representation for small satellites built on the CubeSat platform.  The main focus of this 
research was the design and development of a modular CubeSat spaceframe.  Various manufacturing 
methods and material properties had to be investigated in order to gain an in-depth understanding of 
the process at hand.  These processes were completed with resource efficiency in mind, as it would 
provide a competitive edge when the final structure is compared to the current market leaders.   
Developing a CubeSat platform to be fully compatible with most of the products available on the 
market is a challenging undertaking, as not all manufacturers of small satellite components conform 
to the same standard.  This prototype is based on the assumption that the customer will utilize the PC-
104 board for the payload of the CubeSat.  PC-104 is an accepted standard in the CubeSat community 
and many manufacturers will be able to accommodate this assumption.   
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The designs for the CubeSat spaceframe were developed, along with the resource efficient process 
chains for the manufacturing procedures.  The process chains contains the data received from the 
manufacturers, as they completed the manufacturing processes.  The actual manufacturing processes 
could not be influenced, but the design and material selection played a major role towards making 
these process chains resource efficient.  Because the spaceframe could not yet be fully integrated with 
the payload, the design validation focussed on the cost, and design efficiency.  It is assumed that a 
higher design efficiency correlates with an easy-to-manufacture and easy-to-assemble spaceframe.   
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Chapter 2: Literature Study 
2.1 The Value Stream Perspective 
2.1.1 Value Stream Design 
In-depth optimization of individual production processes, with specific emphasis on quality, 
reliability and output, are vital factors for sustainable corporate success, however it is not always 
enough to defy competition.  Improvements of individual production processes can easily get lost in 
the bigger picture if not planned and implemented with reference to the entire production process.  
The main difference between the traditional supply chain and the value stream is that the supply chain 
includes the complete list of activities of all of the stakeholders involved, whereas the value stream 
is only concerned with the specific processes that adds value to the end consumer [10].  The value 
stream perspective takes into account the correlation between various individual production- and 
business processes, material and information flow, and the customer and supplier to provide a holistic 
view which will enable an improvement of the entire production procedure [11].  Figure 3 is an 
example of a value stream in a factory where each of the six basic elements interact with each other 
to form the bigger picture of the production process.   
The six basic elements seen in Figure 3 is described as follows: 
1. The production process not only encompasses all of the production processes within the 
factory, but all of the external processing activities as well.  This involves modelling each 
product within the entire process range as an individual production procedure, focussing only 
on the production process level and leaving aside the resource-related aspects, with the aim 
of outlining the differences between the various production procedures.  
  
2. The business processes generate, process and store all the information required during 
production planning and control to complete a customer’s order.  The mapping of business 
processes during value stream design is not explicitly aimed towards a detailed systematic 
Figure 3: Value stream in a factory (Adapted from [11]) 
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representation of the entire work process, but rather a clear, well-arranged depiction of the 
overall procedure.   
 
3. The movement of materials between production processes is defined as material flow.  Within 
the value stream, material flow consist of three components: transport, handling and storage.  
The temporary placement of materials, products or parts is described by storage.  This usually 
occurs within an appropriate storage facility.  Transport is the moving of materials, products 
and/or parts to their respective retrieval areas, while handling describes the manual activities 
required in stockpiling and removal of stock.  The production processes are logistically linked 
by material flow.   
 
4. Information flow not only includes the transmission of data and documents between business- 
and production processes but also between individual business processes.  The business 
processes are connected to by the information flow in a similar manner as the production 
processes are linked to each other by the material flow.  In addition to this, information is also 
passed on from business processes to production processes, controlling everything from 
production scheduling to the appropriate material flows.   
 
5. The customer depicts the demand that needs to be met by the production process.  Value 
stream design aims at customer-oriented production, which means that the customer is the 
first element to be observed after the production process.   
 
6. The production system’s supply of raw materials is intuitively represented by the supplier.   
 
2.1.2 Identification and Elimination of Waste 
The fundamental underlying idea of value stream design is the identification and elimination of waste 
in a production process and directing the main focus towards production optimization and cost 
reduction [11].  Waste can be defined as every activity that adds costs to the product or process, but 
are non-value-added to the customer [12].  There are several ways in which waste can be classified.  
A traditional Japanese approach, the 3 MU, defines three types of waste [13]: 
 Muda – Describes any activity that does not add value to the customer 
 Muri – Describes waste associated with overloading resources beyond its capacity 
 Mura – Refers to waste as a result of variation in production scheduling or uneven production 
workload  
 
Ishikawa invented a cause and effect (fishbone) diagram in the 1950s to which the 4M is related [14].  
This is a simple yet practical framework for examining what actions need to be taken, what are the 
current constraints, and how they can be overcome to improve performance.  The different types of 
waste are Man, Material, Machine and Method.  Figure 4 is a basic representation of the fishbone 
framework to identify and eliminate waste to increase performance.  In-depth research is done on 
material types and machining processes to eliminate excessive waste during manufacturing.  A 
material selection procedure was developed to help curb methodical waste and the structure was 
designed to be easy to assemble, thus providing the user with a product that does not waste excessive 
time during integration.   
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Hitoshi Takeda identified seven types of waste within the context of manufacturing systems [15].  
These types of waste were taken into consideration during the development of the process chains for 
the CubeSat spaceframe.  The seven relevant types of waste according to the Toyota Production 
System are [10]: 
1. Overproduction.  This is generally described by excess production of the relevant market 
demand and is regarded as the most serious waste because it inhibits quality and productivity 
by discouraging smooth production flow.  Overproduction tends to lead to increased lead and 
storage times, and excessive WIP stocks.  In value stream design, it is not only important to 
know when to produce, but also when not to produce.  Methods for overcoming 
overproduction include employing the pull or Kanban system and moving away from a push 
production system [10].   
 
2. Inventory.  Inventory waste is materialised through stockpiling finished and semi-finished 
goods, raw materials and WIP [11].  All inventory requires additional handling and floor space 
and because of that, its presence can significantly increase extra processing.  Excessive 
inventory tends to increase the production lead-time and prevent rapid problem identification 
thus discouraging communication.  Unnecessary inventories not only increases the storage 
costs, but also the material handling and tracking costs associated with large storage areas, 
not including the cost of lowered productivity.  This significantly lowers the competitiveness 
of an organization.   
 
3. Motion.  Poor ergonomics and inadequate workplace design are some of the main causes of 
waste through inappropriate motion sequences of operators.  Any movements in production 
where operators have to stretch, bend or pick up something could lead to poor productivity 
and even quality problems [10].  Because excessive and unnecessary motion takes time and 
adds no value to the product or service, it is regarded as waste.   
 
Figure 4: Ishikawa's 4M methodology for classifying waste (Adapted from [12]) 
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4. Defects.  The finished goods or services that do not meet the necessary requirements are 
classified as defects and are the bottom line waste of any process [10].  In a manufacturing 
perspective, defects not only attributes to non-creation of value, but also destroys value that 
was created in previous value-adding processes.  If the fault is not immediately identified, 
then further value-adding activities of downstream processes will be turned into waste.  
Defects should be seen as an opportunity to improve the production system and not a trade-
off in terms of increased throughput.   
 
5. Transportation.  Any movement in a factory, where products are either moved between 
processes or to and from storage areas, could be viewed as waste [10].  Transport minimization 
should be the focus, rather than total removal, as it would be impossible to remove any and 
all transportation activities within a factory.  There are two main reasons for transportation 
waste [11].  Inconvenient layout of the factory increases the length and frequency of 
transportation routes and are likely to cause damage and deterioration because the distance of 
communication between processes are directly proportional to the time it takes to feed back 
reports of poor quality and to take the necessary corrective actions [10].  The second reason 
for transportation waste is seen as an organisational issue.  The transportation effort may be 
increased by interruptions of partially processed orders.  Because storage places are not 
always defined, stores are overflowing or a transport order is interrupted, parts are sometimes 
provisionally put down wherever an open space is found.  Waste due to transportation can 
almost be totally avoided with consistent value stream-orientated factory planning, a smooth 
flowing production process, a suitable special arrangement of the factory floor, and clearly 
marked material retrieval areas.   
 
6. Over-processing.  Over-processing can be defined as extra operations such as rework, 
reprocessing, handling or storage of products or parts that occur because of defects, 
overproduction or excess inventory [15].  The application of unsuitable technology during 
manufacturing is a major source of waste during processing operations.  Over complex 
solutions need to be found for simple procedures because large inflexible machines are used 
instead of small flexible production operations [10].  Ownership is generally discouraged by 
this over-complexity and encourages employees to overproduce to recover the large 
investments of the complex machines.   
 
7. Waiting.  Waiting is sometimes referred to as queuing and occurs when delays in upstream 
activities cause periods of inactivity in downstream processes, which are then used for 
activities that either adds no value, or result in over-production [15].  This waste not only 
affects goods, but workers as well, as they also spend time waiting.  The time spent by 
operators standing idle during machine cycles or equipment failure could be used for extra 
training activities.  In cases where a high level of automation is applied to production, one 
operator can be used to monitor multiple machines, rather than one operator per machine, 
which will also decrease the waiting time of the worker.   
  
Stellenbosch University  https://scholar.sun.ac.za
12 | P a g e  
 
2.2 Resource Efficient Manufacturing 
Modern life is highly dependent on the limited supply of natural resources, with demand rapidly 
increasing due to emerging economies of developing countries [16].  This section explores the 
concept of resource efficiency during manufacturing with the end goal of reducing the dependency 
on natural resources through the 6R-based material flow and product and production optimization.   
 
2.2.1 Evolution of Production Systems 
The manufacturing industry has undergone many revolutionary changes over the years, yet it remains 
as the backbone of a modern industrialised society and has cemented itself as the cornerstone of the 
world’s economy.  These changes in the manufacturing paradigms can be attributed to changes in 
market and social imperatives, and the development of new and enabling technologies [17].  Figure 
5 illustrates the above mentioned paradigm shifts in terms of product volume, product variety and 
increasing degree of complexity.   
The first industrial revolution enabled craft production to focus more on economics of scale, and was 
supported by the invention of assembly lines. With specific products saturating the market in the 
1970’s, society demanded greater product variety, which lead the industry to move into an era of 
customisation and personalisation. Since the fourth industrial revolution the customers’ needs has 
shifted from mass produced products, to high-tech, personalised, consumer driven items. These 
complex processes of product variability and shortened product life cycles requires an in depth 
knowledge of consumer preferences and open communication to the customers and suppliers.  
Industry 4.0 is the fourth industrial revolution, which will enable companies to have machines, which 
communicate with each other to manufacture products. There is a continuous desire to improve 
quality of manufacturing and industry has been significantly developing to provide the high level of 
production. Unfortunately, the manufacturing processes implemented currently lack sustainability. 
Production contributes to climate change as well as the depletion of natural resources.  This creates a 
Figure 5: Production Paradigm Transformation (Adapted from [18]) 
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need in industry for sustainable production solutions through the implementation of resource efficient 
manufacturing practices.  
 
2.2.2 Goals of Production 
The primary objectives of a production process has always been to reduce the cost, improve the 
quality and shorten the lead-time.  If we take into account the most recent paradigm shift, as described 
in Figure 5, we can add variability as the fourth goal dimension of production.  Figure 6 below 
illustrates the four goal dimensions through which the efficiency of production can be increased.  
Each goal dimension comprises of several partial goals, which in their reciprocal correlations define 
a production’s system of goals and accordingly also the factory goals [11].   
The variability of production is an indication of how wide the attainable production range is.  This 
dimension indicates how many variants of a certain product will be produced and whether or not 
customized products are available.  Having a highly flexible production system will ensure that short 
term variations in market demand is met, while mutability will enable production to respond to 
product requirements changing in the short to medium term.  The quality of production indicates the 
reliability of any of the production processes, and how well the tolerance levels are complied with.  
The speed of production is a good indication of how time-consuming the value-adding steps of 
production are. Finally, the productivity is indicated by the economy of production.  This takes into 
account all the production cost factors that are influenced by the requirements of variability, quality 
and speed.  Intuitively, if you increase the efficiency of each of the above-mentioned goals, then the 
overall efficiency of the entire process will be increased.  This however, is not true due to the fact 
that the four goal dimensions conflict with each other.  These goal conflicts are more or less severe, 
with some goals more easily achievable than others, some goals being compatible to some extent, and 
the attainment of certain goals are completely incompatible [11].  Figure 7 depicts the four goal 
dimensions arranged in a square, with the conflicting relationships between each goal dimension 
indicated by the four sides and the two diagonal lines of the square.   
Figure 6: Goal dimensions for achieving resource efficiency in a manufacturing process (adapted from [11]) 
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The conflict line between Quality and Economy suggest that an improvement in quality will increase 
the production costs.  If one focusses to increase the quality of a product, then you require more 
precise and expensive equipment, highly skilled, therefore better payed, workers to operate the 
machinery and additional quality assurance processes.  Refraining from these additional expenses 
will lead to an increase in product defects, as fewer parts will fall within the higher quality 
requirements.  Finding a balance where adequate quality is achieved while still producing an 
economically competitive product is a key aspect of increasing the production efficiency.   
The goals of trying to increase variability while trying to decrease speed is contradicting due to the 
fact that an increase in variability will lead to longer delivery times and/or higher inventory levels.  
The shortest possible delivery time can be achieved by holding all the products on stock, since it is 
faster to withdraw stock than to manufacture the product.  By limiting the variability of a product, 
one can increase the delivery speed and decrease the manufacturing time, but this will limit the 
number of customers as consumers are moving towards mass customization and personalization of 
products [18].  A solution to this dilemma could exist in providing a consumer with a sense of 
customization, where they can specify certain requirements while in fact keeping the product 
variability to a minimum.  This concept will be explored further later on in the study.   
The conflict line between variability and quality is an indication that with an increased variability, it 
would be more difficult to meet the quality goals, and on the other hand, an increase in quality 
requirements would restrict variety and flexibility.  A new type of risk associated with unplanned 
delays during production is brought about by an increase in product variety due to customer specific 
design adaptations.  Quality problems due to slow or incorrect design adaptations can be eliminated 
by having a customer select a product from a catalogue, but this will in turn limit the variability or 
greatly increase the inventory cost if a very large product catalogue is available.   
In most cases, it is easier to improve productivity and utilization, as indicated by the conflict line 
between variability and economy.  It is generally easier to reduce the manufacturing cost of a standard 
Figure 7: The four goal dimensions of production with six conflict lines (Adapted from [11]) 
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product than to make an existing production system more flexible in order to manufacture a more 
diverse product range.  Increasing the adaptability of an existing production system is a challenging 
undertaking since it requires changing the design of the existing manufacturing resources, even 
though a more flexible machine can be better utilised than an inflexible one.  It is possible to fulfil 
both goal dimensions, even though they are located on completely different levels of production 
design.  They still conflict with each other, as too much flexibility will decrease the overall production 
efficiency.   
It is much easier to decrease the manufacturing- or delivery time of a production process than to 
increase the standards to which a product must adhere, as indicated by the conflict line between the 
speed and quality goal dimensions.  By developing a good strategy to manage the manufacturing 
process, it is possible to improve production reliability by reducing the manufacturing lead-time.  
Similarly, the quality of some production processes will rise, if execution is accelerated.   
Finally, the conflict line between economy and speed is an indication that both of these goal 
dimensions can be improved at the same time.  By reducing the setup times in conjunction with 
smaller lot sizes will result in decreased inventories, reduced lead times, an increase in machine 
utilization and lower setup costs.  Decreasing lead-time inevitably reduces the associated inventory 
costs, thus to some extent indicating that both economy and speed correlate positively to one another.   
An optimal solution would then be to develop a process chain with emphasis on quality, rather than 
variability.  The increased production costs that results from focussing on quality can be countered 
by standardising the components.  This will decrease the manufacturing time, increase the delivery 
speed of the product, and minimize the inventory needed for a flexible production system.    
 
2.2.3 6R’s for Sustainable Manufacturing 
Sustainable manufacturing can be defined as the creation of products that utilizes processes that [19]: 
 Minimize negative environmental impacts 
 Conserve energy and natural resources 
 Are safe for employees, communities and consumers 
 Are economically sound 
 
Finding a solution to the issues of sustainable manufacturing, involves viewing it as a complex 
systems problem with three integral interacting levels: products, processes and systems [20].  Figure 
8 below is a visual representation of this systems problem where the interaction between the levels in 
order to achieve sustainable manufacturing.   
Figure 8: Integrated elements of sustainable manufacturing (Adapted from [20]) 
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The principles of 3R’s: Reduce, Reuse and Recycle, can be seen as the foundation on which green 
manufacturing is based [21].  These principles were derived from lean manufacturing practices, which 
focussed on the elimination of waste throughout the entire process, and lean manufacturing is in turn 
based on 1R (Reduce) which was introduced in the 1980’s [20].  The interaction between each of 
these manufacturing principles, as well as the approximate stakeholder value can be seen in Figure 9 
below.  It can be seen that the current trend for achieving sustainable value in manufacturing requires 
the transformation from lean manufacturing, to green manufacturing, to sustainable manufacturing.   
The interaction between the manufacturing process chain and the 6R principles have a positive 
influence on the environment, as it enables a near-perpetual material flow while facilitating the 
optimal use of energy, raw materials and other resources [22].  The six principles can be explained as 
follows [20]: 
 Reduce focusses on the first three stages of the product lifecycle.  The reduced use of 
resources in pre manufacturing, reduced use of energy, materials and other resources during 
manufacturing, and reduction of emissions and waste during the use stage.   
 Reuse refers to the reuse of either the entire product, or its components, after its first life cycle.  
The end-goal of this principle is to reduce the usage of virgin materials during production of 
new products.   
 Recycle is the process of converting material that would otherwise be considered waste into 
new materials or products.   
 Recover involves the collection of products at the end of the use stage, disassembling, sorting 
and cleaning for utilization in subsequent life cycles.   
 Redesign involves the act of redesigning the next generation of products to use components, 
materials and resources recovered from previous life cycles.   
 Remanufacture is the process of restoring used products to their original state through the 
reuse of as many parts as possible.   
 
 
Figure 9: Evolution of sustainable manufacturing (Adapted from [20]) 
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2.3 Subtractive Manufacturing Processes 
The family of shaping operations in which excess material is remove to achieve the final part 
geometries are known as material removal processes.  Figure 10 below is a schematic illustration of 
the material removal family tree.   
The three branches, Conventional Machining, Abrasive Processes and Non-Traditional Machining 
are shown with their respective sub-groups branching out below them.  The material removal process 
is one of the most important manufacturing operations, as it allows the final part to achieve very high 
dimensional accuracies and extremely fine surface finishes [23].   
2.3.1 Conventional Machining Processes 
Conventional machining is considered to be the most important branch of the material removal family 
[24].  This process involves the use of sharp cutting tools to mechanically cut material to achieve the 
desired part geometries.  Turning, drilling and milling operations are the principal machining 
processes, and is defined as cutting processes in which layers of material are mechanically separated 
from the workpiece by means of a cutting tool [25].  The separated pieces of material are known as 
chips, and chip formation plays a vital role in the science of machining processes.  Other machining 
operations include shaping, planning, broaching and sawing.   
2.3.1.1 Milling Operations 
Milling is known as a subtractive machining process, where a rotating tool with defined cutting edges 
is moved relative to a workpiece to remove material with the end-goal of obtaining the desired part 
geometry [25].  This manufacturing technique is one of the most commonly used processes in a 
variety of industries ranging from tool and dye making, automotive, aerospace and biomedical to 
name a few.  The cutting process uses a rotary tool with multiple cutting points to remove material 
from the work piece.  The cutter moves perpendicular to the cutting surface at certain speeds called 
the feed rate.  During the cutting process, chips form at the base of the cutter and is sheared off the 
Figure 10: Schematic illustration of the material removal process family tree (Adapted from [23]) 
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work piece, thus removing the material.  Figure 11 is a schematic representation of the chip formation 
and removal process that happens at the contact point between the tool and the workpiece.   
The cutting edge of the tool is known as the rake face Aγ and the face on the cutting wedge is called 
the flank face Aα.  The workpiece is assumed to be fixed during the manufacturing process.  The 
speed at which the cutting tool moves, relative to the workpiece, is intuitively called the cutting speed 
vc, and the speed of which the tool is moved in the feed direction (into the workpiece) is called the 
fed velocity vf.  The resulting velocity vector of vc and vf is designated as the effective cutting speed 
ve.  The angle between the effective cutting direction and the direction of primary motion is known 
as the effective cutting speed angle η.  The feed motion angle φ is the angle between the feed direction 
and the direction of primary motion.  This concept forms the basis of calculating the material removal 
rate, which will give an estimation as to how long it will take to manufacture a certain part [26].  With 
the CAD/CAM software available today, these times can easily and accurately be simulated.  It is 
however necessary to understand these concepts as it plays a vital role during process chain 
development.   
A scaled down version of this manufacturing process is known as Micro-Milling.  This manufacturing 
process has rapidly gained momentum because of its viability to directly produce miniature 3-D 
functional parts [27]. The micro-milling process is not only fast to fabricate 3-D features but also cost 
effective when compared to other micro-manufacturing processes. Parts with 3-D geometries are 
directly machined one at a time and do not require batch set-up. Micro-milling can achieve good 
accuracy, low surface roughness, and can provide high material removal rates (MRR), relative to the 
part size, with features as small as 5-10 µm [28]. 
 
2.3.2 Abrasive Machining Processes 
The second branch of the material removal family is that of abrasive processes.  These processes 
remove material from the workpiece by action of hard, abrasive particles that are usually in the form 
of a bonded wheel, or abrasive belts [29].  Grinding operations remove material by means of abrasive 
particles, usually contained in a bonded grinding wheel that is rotating at very high speeds. 
Figure 11: Mechanics of chip formation at the cutting edge of the tool (Adapted from [25]) 
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In order to appropriately grind the different work materials, different abrasive materials should be 
used.  These abrasive particles vary in grain size and play an important role in determining the surface 
finish and material removal rate [30].  The bonding material that holds the abrasive grains together 
establishes the overall shape and structural integrity of the grinding wheel.  In addition to having 
bonding material and abrasive grains, grinding wheels also contain air gaps or pores, as illustrated in 
Figure 12.   
Grinding is not only the most important abrasive process, but also the most common of all 
metalworking processes, as it is generally used for finishing operations to produce extremely fine 
surface finishes and extremely close dimensional tolerances [29].  The other abrasive processes 
include honing, lapping, superfinishing, polishing and buffing 
2.3.3 Non-Traditional Machining Processes 
Non-Traditional Machining refers to manufacturing processes that remove excess material through 
various techniques involving mechanical, thermal, electrical, chemical, of a combination of these 
energies.  They do not make use of a sharp cutting tool in the conventional sense, and was largely 
developed in response new and unusual machining requirements that could not be satisfied by 
conventional methods.   
2.3.3.1 Wire Electrical Discharge Machining 
Electrical Discharge Machining is a non-conventional material removal process based on 
thermoelectric energy between the work piece and an electrode. The electrical discharge phenomena 
observed in EDM occurs over a very short period of time, in a very narrow space filled with dielectric 
fluid, and involves the evaporation and melting of the work piece and electrodes [31].  The principle 
concept of EDM is shown in Figure 13.  Material is removed by a pulse discharge in the small “gap” 
between the work piece and the electrode [32].  This gap is filled with an insulating dielectric fluid 
such as hydrocarbon oil or de-ionized water.  The insulating effect of the dielectric medium has some 
importance in avoiding electrolysis effects on the electrodes during the EDM process [31].   
Figure 12: Typical structure of a grinding wheel illustrating the abrasive grains, bonding material and air gaps 
(Adapted from [25]) 
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A unique adaptation of the EDM process is Wire Electrical Discharge Machining (WEDM).  WEDM 
involves the utilization of continuously traveling wire electrode, made of thin copper, brass or 
tungsten, with a nominal diameter varying between 0.05-0.3 mm [33].  This specialized thermal 
machining process is capable of achieving a considerable dimensional accuracy and surface finish on 
parts with complex shapes and varying degrees of hardness that are difficult to produce by using 
traditional machining processes [34].   
The WEDM process utilizes a thin wire electrode that is constantly feeding through the workpiece by 
a microprocessor and kept under tension using a mechanical tensioning device while submerged in a 
bath filled with dielectric fluid.  A series of discrete sparks between the workpiece and the wire then 
erodes the material from the part producing exceptionally high dimensional accuracy with a good 
surface finish [31].  The microprocessor maintains a gap varying from 0.025 to 0.05mm between the 
wire and the workpiece [33]. The most important characteristics in WEDM process are cutting rate, 
wire wear rate and wire failure frequency, kerf size and most importantly quality of machined surface 
[33]. Those characteristics are influenced by the different machining parameters. Optimization of 
these parameters for each material or group of materials is necessary; otherwise failure of the 
components can occur.  The WEDM process is displayed in Figure 14.  Wire passes through the 
workpiece during machining and the precise gap, known as the sparking gap, must be maintained 
between the wire and the workpiece.  The width of the final kerf is given by diameter of wire diameter 
plus two times spark length, as seen in Figure 14.   
 
Figure 14: Diagram of the WEDM Process.  (Adapted from [8]) 
Figure 13: EDM concept.  (Adapted from [35]) 
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2.3.3.2 Laser Beam Cutting 
Laser Beam Cutting (LBC) is a thermal energy based non-conventional cutting method in which sheet 
material is cut mainly due to melting and vaporisation and the molten material is then ejected with 
the help of high-pressure assist gas jet [35]. The schematic of the LBC process is shown in Figure 15. 
LBC can successfully be used for the cutting of conductive and nonconductive difficult-to-cut 
advanced engineering materials such as reflective metals, plastics, rubbers, ceramics and composites. 
Apart from cutting difficult-to-cut materials, LBC is most widely used in industries to achieve 
complex shapes/profiles with close tolerances for cutting of steel sheets [36]. multi-objective 
optimisation. The results of multi-objective optimisation using Taguchi’s quality loss function only 
have also been compared with the results from hybrid approach.  
 
  
Figure 15: The Laser Beam Cutting Process.  (Adapted from [35]) 
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2.4 Material Properties and Applications 
2.4.1 Titanium and Titanium Alloys 
Titanium was first discovered in 1791 by a British reverend, mineralogist and chemist, named 
William Gregor.  He examined magnetic sand, which external appearance resembled that of 
gunpowder, from a local river in Cornwall, England.  After removing the iron with a magnet, he 
treated the remaining portion of the sand, which external appearance resembled that of gunpowder, 
with hydrochloric acid to produce the impure oxide of a new element that he named “mechanite”, 
after the Menachan Vallei where the discovery was made [37].  A German scientist named Martin 
Heinrich Klaproth was investigating a red ore from Hungary in 1795.  He independently isolated 
titanium oxide, and after realizing that it was of a previously unknown element, he named it Titanium, 
from the Greek word titanos (Titans) [37]. 
More than 100 years after the discovery of titanium, Matthew Albert Hunter, a metallurgist from 
Rensselaer Polytechnic Institute in Troy, N.Y., was able to isolate 99.9% pure titanium by heating 
titanium tetrachloride (TiCl4) with sodium in a steel bomb [38].  In 1932, the father of the titanium 
industry, Wilhelm Justin Kroll, was finally able to produce significant quantities of titanium by 
combining TiCl4 with calcium [38].  After fleeing to the United States at the beginning of World War 
II, he was able to demonstrate that titanium could be extracted commercially by reducing TiCl4 by 
changing the reducing agent from calcium to magnesium.  This process is known as the “Kroll 
process” and is still the most widely used method for extracting titanium.   
The DuPont Company was the first to produce titanium on a commercial scale in 1948, with the 
worldwide production reaching just over 3 tons per annum.  Scientists and engineers soon realised 
the desirable properties of this element and in 8 years, the worldwide production skyrocketed to 25000 
tons a year [37].   
The physical properties of high-purity polycrystalline α titanium can be seen in Table XX.  The two 
properties that primarily causes titanium alloys to stand out are the high specific strength and excellent 
corrosion resistance of the metal [39].  With a density of 4.51 g/cc, titanium is classified as the 
heaviest light metal, with a specific weight of about half that of nickel and iron [40].   
Table 2: Physical properties of high-purity polycrystalline α titanium 
Properties Metric 
  
Density 4.51 g/cc 
  
Brinell Hardness 120 
  
Ultimate Tensile Strength 240 MPa 
  
Modulus of Elasticity 105 GPa 
Poisson's Ratio 0.37 
Charpy Impact 310 J 
Shear Modulus 45 GPa 
  
Electrical Resistivity 4.5e-005 ohm-cm 
  
CTE, linear 250°C 9.2 µm/m-°C 
Specific Heat Capacity 0.52 J/g-°C 
Thermal Conductivity 16 W/m-K 
Melting Point Max 1670 °C 
Beta Transus 888 °C 
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2.4.1.1 Crystalline Structure of Titanium 
Pure titanium, along with the majority of titanium alloys, crystallizes at low temperatures in a 
hexagonal close packed (HCP) structure, called α-titanium [41].  At high temperatures, the body-
centred cubic (BCC) structure known as β-titanium is stable [41].  Figure XX is a schematic 
representation of the HCP α- and BCC β-titanium crystalline structures.  The allotropic transformation 
of pure titanium happens at the β-transus temperature of 882±2⁰C.  By dissolving certain elements 
into titanium, the transformation temperature can strongly be influenced [37].   
Alloying elements of titanium are classified depending on their influence on the β-transus temperature 
ad neutral, α-stabilizers, or β-stabilizers.  Alpha stabilizers produce an increase in the transformation 
temperature and include elements such as aluminium, oxygen, nitrogen and carbon.  The lattice 
parameters of the HCP crystal structure in α-titanium are a = 0.295nm and c = 0.468nm.  This yields 
a c/a ratio of 1.587 [41].  The ideal c/a ratio for a HCP lattice is 1.633, which can be achieved through 
the insertion of interstitially dissolved atoms in the HCP lattice, like carbon, nitrogen or oxygen [41].  
Beta stabilizers produce a decrease in temperature of transformation and consist of molybdenum, 
vanadium, niobium, copper and silicon.  Other elements have very little effect on the transformation 
temperature and are called neutral element.  Even though more than 100 titanium alloys are known, 
only about 20 to 30 of them have reached commercial status.  Of these commercially available 
titanium alloys, Ti-6Al-4V covers more than 50% of the total usage [42].  Because Ti-6Al-4V is one 
of the recommended materials to use for the CubeSat spaceframe, the rest of this section will focus 
on this alloy during further investigation.   
 
2.4.1.2 Machinability of Titanium 
The ability of titanium and titanium alloys to retain high levels of hardness at high temperatures poses 
a major difficulty when machining titanium-based alloys [43].  The lower thermal conductivity of 
titanium is seen as a positive in the various areas of application, but it hinders the quick dissipation 
of heat caused by machining, which leads to increased tool wear during the cutting process [44], [45].  
Titanium’s lower modulus of elasticity leads to significant spring back after deformation under load, 
causing the parts to move away from the cutting tool during manufacturing [46].  The chemical 
reactivity of this alloy, along with the high temperatures in the tool/chip contact area, causes galling 
between the tool and the part, leading to increased tool wear [46].   
Milling of titanium components is more difficult when compared to turning, because of titanium’s 
tendency to smear and gall with the tooling [47].  This process is best performed by using sharp, short 
length cutters with sufficient flute space to avoid chip clogging.  Drilling is best done by having a 
high feed rate, low cutting speed and cooling with chlorinated cutting oil to prevent excessive friction 
[25].  The rake angle should be sufficiently large to avoid welding the tool to the work piece, and the 
drill should be raised frequently to remove the drilling chips.  Titanium can be sawn using 
conventional band saws, but requires a reduced saw speed and appropriate cooling because of the 
poor heat dissipation.  To achieve the best results during grinding operations, the wheel speed should 
be half to one third that of conventional operating speeds, with ample coolant to prevent smearing or 
intense sparking [29].   
 
 
Stellenbosch University  https://scholar.sun.ac.za
24 | P a g e  
 
Taking into account the above-mentioned material properties and machining difficulties, the 
following guidelines should provide a baseline for the successful machining of titanium parts: 
 Only sharp cutting tools should be used, and replaced at the first sign of wear, to prevent total 
tool failure 
 The work piece should be mounted to be vibration free in the machine to prevent chatter 
phenomena.  Keeping the work piece as short as possible and having a stiff tool-part-machine 
system will help in this regard 
 Low cutting speeds should be used in conjunction with a high feed rate.  Maintaining a 
continuous feed rate while the cutting tool and work piece are in contact, will limit the 
occurrence of galling and smearing at the cutting edge 
 By effectively cooling the titanium work piece and promoting rapid heat dissipation through 
the use of copious amounts of cutting fluid, the tool life can be extended 
 Before machining commences, the hard surface scales should be removed, either by grit 
blasting, or by submerging the part in a pickling solution of 2% hydrofluoric acid and 20% 
nitric acid 
 
2.4.1.3 Applications of Titanium 
In the 1940s, the United States developed titanium and its alloys specifically for aerospace 
applications, and accounts for 50% of the worldwide titanium consumption today [48].  This is not 
surprising, as the higher tensile strength and lower density of titanium and titanium alloys allows for 
increased strength-to-weight properties when compared to steel and aluminium, making the material 
well suited for the aerospace industry.  The aerospace market however, is categorized by vigorous 
boom-to-bust demand and price cycles, and efforts are being made to substantially increase titanium 
consumption in less cyclic, non-aerospace markets [48], [49].  This section will look at both the 
aerospace and non-aerospace applications of titanium to provide more background into this material 
and its various uses.   
2.4.1.3.1 Titanium Alloys for Aerospace Applications 
The biggest reason for choosing titanium in aircraft airframe applications is attributed to the higher 
payoff for weight reduction.  A standard Boeing 747 carries about 100 tons of fuel, which is equal to 
approximately one third of the take-off weight, substantially limiting the remaining payload of the 
jumbo jet.  By lowering the fuel consumption by only 10%, the total payload could be increased by 
an estimated 10 tons.  Less fuel means less weight, which will allow for the use of smaller, lighter 
engines.  Similarly, the landing gears, wings, support structures and various other components could 
be downsized to cause a “snowball effect” which will lead to further weight savings, and effectively 
cost savings as well.  This simple example is the economic driving force for using titanium alloys for 
weight saving purposes in aerospace applications [50]. 
The main application for titanium alloys in the aerospace industry is in the gas turbine engine.  The 
first component to be manufactured from titanium was the compressor blades, with the compressor 
disks being introduced next, and the large front fan blades of modern jet engines are now often made 
from titanium alloys too [51].  This increased use of titanium is fuelled by the need for further weight 
reduction of fan blades and disks in the jet engines, while extending component life or inspection 
intervals.  Since the fan blades and disks are used at low temperatures, they are normally 
manufactured from Ti-6Al-4V [51].   
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For fuselage applications, thin, narrow titanium alloy rings are placed around the aluminium aircraft 
airframe to prevent fatigue cracks from growing and propagating catastrophically in the outer skin of 
the aircraft.  Weight savings of up to 40% are possible when using titanium alloys for the hydraulic 
tubing of modern aircraft [52].  The α+β alloy, Ti-3Al-2.5V, is primarily used for this application as 
it is easily deformed and demonstrates sufficient strength, when compared to steel tubes.  The floors 
surrounding the aircraft’s on-board kitchens and toilets require a high corrosion resistant material 
with moderate strength, and commercially pure titanium is used for this application [46].  Unalloyed 
titanium is used to manufacture the piping system for the de-icing equipment, as thermal stability and 
excellent corrosion resistance is required to transport aggressive media at temperatures exceeding 
200⁰C.   
Although aircraft landing gear components manufactured from forged titanium alloys have a higher 
initial cost than its high-strength steel counterparts, the investment pays off over the long term, as 
TIMETAL 10-2-3 components do not need to be replaced during an aircraft’s lifetime [53].  Forged 
titanium alloys are also used for the manufacturing of the cockpit window frames, because of the 
potentially high loads from bird strikes and other airborne debris.  Finally, the larger thermal and 
mechanical loads associated with greater manoeuvrability and supersonic cruise speed of military 
fighter aircraft, accounts for the proportionate use of titanium alloys in these aircraft fuselages to 
exceed 50% [53].   
Forged Ti-6Al-4V rotor heads are used in helicopters, as this is the most highly stressed component.   
The comparatively small payload of space vehicles, the structural weight saving is even more 
important when compared to aircrafts.  The standard application for titanium alloys in spacecraft are 
in the fuel and satellite tanks [51].  Because of titanium’s low weight, high strength and long-term 
compatibility with fuel, titanium alloys provides more advantages than high-strength steels.   
2.4.1.3.2 Titanium Alloys for Non-Aerospace Applications 
The high strength, low weight and excellent corrosion resistance of titanium and its alloys has caused 
an increasing trend to use this material outside the aerospace market.  Several uses in the chemical, 
medical, energy and transportation industries, as well as applications in architecture, sports, and 
leisure have all played a pioneering role in developing high quality industrial and consumer products.   
The extreme corrosion resistant properties of titanium alloys means that the material usually requires 
no corrosion allowance when used in the chemical, process and power generation industries.  Even 
though the initial costs are higher, it is compensated for with less down time and reduced maintenance 
costs.  As the main requirements for these applications are corrosion resistance, unalloyed and low-
alloy titanium grades are used [54].  Commercially pure titanium have demonstrated their superior 
corrosion resistance and good thermal conductivity in applications for heat exchangers where the 
cooling medium is seawater, brackish water or even polluted water.  This application is prevent in 
land based oil refineries and offshore oilrigs where both tubular and plate-type heat exchangers are 
applications [54].  Grade 2 commercially pure titanium is used for containment and tank construction 
in the chemical, electrochemical and petrochemical industries.   
The high cost of the raw material is the limiting factor for widespread use of titanium alloys in the 
mass market of the automotive industry [55].  Although titanium sees uses in the racing and high 
performance sectors, it is not yet economically viable for widespread use in low-end markets.   
Titanium is mostly used for parts that are exposed to aggressive atmospheric conditions, and does not 
degrade during service.  This makes the material the most competitive of all architectural metals on 
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a life-cycle basis, as it is 100% recyclable.  Grade 1 titanium is the most widely used alloy and allows 
for wall thicknesses ranging from as thin as 0.4mm in architectural components.   
Various types of sports make use of titanium alloys when manufacturing the equipment.  Golf clubs, 
tennis racquets, baseball bats, pool cues and even bicycles make use of the various desirable 
properties of titanium alloys to provide their users with a competitive edge.  Certain kitchen knives, 
scuba diving equipment and high strength climbing gear is manufactured from titanium, utilizing the 
low weight, high strength properties of the metal.   
Titanium’s excellent compatibility with the human body is regarded as the key property of choice for 
use in the biomedical industry.  Furthermore, the material’s inherent resistance to corrosion ensures 
its longevity when exposed to bodily fluids, it is elastically deformable as a thin foil to match the 
necessary contours for joint replacements, and its compatibility with bone and living tissue drastically 
reduces the chances of the human body rejecting the implant [56].  Titanium can withstand repeated 
sterilization cycles, which makes it an ideal material to use for surgical equipment.  Titanium also 
sees widespread use in the dental industry, where the pure elemental form avoids chemiophysical 
reactions in the mouth, thus excluding the danger of the patient having a metal allergy [57]. 
 
2.4.2 Aluminium and Aluminium Alloys 
The ancient Greeks and Romans first used a form of aluminium, called alum, as an astringent in 
medicine, as well as in dyeing processes.  In 1807, an English chemist with the name of Sir Humphrey 
Davy underlined the existence of the element, which according to him, should be named “alumium”.  
He argued that alum was the salt of an unknown metal, but was unsuccessful in his efforts to produce 
aluminium, as it was later renamed by scientists.  Following Davy’s work, H.C. Oersted, a Danish 
physicist, managed to produce the first nodules of aluminium in 1825, by heating potassium amalgam 
with aluminium.  It was only in 1845, when German chemist Friedrich Wöhler discovered the metals 
remarkable lightness while characterising many of the metals properties, that researchers truly got 
excited about this material [58].  The smelting process that is still used today was simultaneously, but 
independently discovered in 1886 by Charles Martin Hall in the United States, and Paul Lois 
Toussaint in France.  Both men dissolved aluminium oxide in molten cryolite, then extracted 
aluminium by means of electrolysis.  This process was further advanced in 1888 when and Austrian 
chemist named Carl Josef Bayer invented a process for extracting aluminium oxide from bauxite, 
which made the metal a commercially available commodity [59].   
Aluminium is characterised by its low density, high strength of some alloys, and its ability to resist 
the kind of progressive oxidization that causes steel to rust away [60].  This unique combination of 
properties makes this metal one of the most versatile, economical and attractive materials for a broad 
range of uses.  With a density of only 2.7g/cm3, aluminium alloys are second only to steels for use as 
structural metals.   
Aluminium’s surface, when exposed to oxygen, forma a very thin aluminium oxide film, which 
prevents further oxidization.  This aluminium oxide film does not flake off to expose a fresh surface 
to further oxidise, and when scratched, it instantly reseals itself [61].  This this colourless, layer is 
what gives aluminium its inherent ability to resist corrosion.  Even though aluminium typically 
displays excellent electrical and thermal conductivity, specific alloys have been developed with high 
degrees of electrical resistivity to be used in high-torque electric motors.  With a thermal conductivity 
of about 50% to 60% that of copper, aluminium alloys displays many advantages to use in heat 
exchangers, evaporators, electrically heated appliances and automotive cylinder heads [62].  Another 
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important asset of aluminium is the ease of which it can be fabricated into any form.  The metal can 
be cast by any of the known methods or rolled down to any desired thickness, including foil, that is 
thinner than paper.  Aluminium sheets can be stamped, drawn, spun or roll formed, and the metal can 
also be hammer forged to the desired shape, and there is almost no limit to which profiles the metal 
can be extruded to [63].   
 
2.4.2.1 Classification of Aluminium Alloys and Their Uses 
Aluminium is divided into two categories: wrought compositions, and cast compositions.  The alloys 
are then further categorised based on the primary mechanism of property development, such as 
solution heat treatment, quenching and precipitation hardening [64].  A large number of wrought 
compositions however, rely on work hardening through mechanical reduction, and is usually used in 
combination with various annealing procedures for property development.  Some cast alloys are not 
heat treatable and are used only as-cast [64].  This section will define the nomenclature for describing 
the different categories within wrought and cast aluminium alloys.    
2.4.2.1.1 Wrought Aluminium Alloys 
Wrought alloys use a four-digit system to describe the list of composition families.  The general 
characteristics and uses of each wrought aluminium alloy is described as follows [62]–[65]: 
 1xxx: This series contains aluminium of 99.00% purity or higher.  It is characterised by high 
electrical and thermal conductivity, low mechanical properties, excellent workability and high 
corrosion resistance.  These grades of aluminium has many applications, but are especially 
favoured in the electrical and chemical industries.   
 2xxx: The principal alloying element in the 2xxx series is copper, with magnesium often used 
as a secondary addition.  Through solution heat treatment, these alloys obtain mechanical 
properties that are similar to, and sometimes exceed that of low-carbon steel.  These 
mechanical properties can further be increased through precipitation heat treatment.  Even 
though they do not have as good corrosion resistance as most other aluminium alloys, the 2xxx 
series is particularly well suited for parts and structures that require high strength-to-weight 
ratios, like truck wheels and suspension parts, and aircraft fuselage, wing skins and integral 
structural parts.   
 3xxx: Manganese is the major alloying element of the 3xxx series of alloys, which are 
generally non-heat-treatable, but have about 20% more strength than the 1xxx series.  These 
alloys are intended as a general-purpose material and are used for architectural applications 
and various other products that require moderate strength and good workability.   
 4xxx: In this alloy series, silicon is the principal alloying element, which can be added in 
quantities up to 12% to substantially lower the melting range, without producing brittleness.  
They are thus used as welding wire and braising alloys for joining aluminium.   
 5xxx: Magnesium is used as the major alloying element in the %xxx series to obtain a 
moderate-to-high-strength workhardenable alloy with good welding characteristics, as well as 
good corrosion resistance in marine atmospheres.  These alloys are used in boat hulls, 
gangplanks, and other products that are exposed to the marine environments.   
 6xxx: The good formability, weldability, machinability and corrosion resistance of the 6xxx 
series of alloys is attributed to silicon and magnesium being the principle alloying elements.  
Although the 6xxx series is not as strong as most 2xxx and  7xxx, it can be strength hardened 
to full T6 properties through precipitation heat treatment, and is commonly used for 
architectural extrusions and automotive components.   
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 7xxx: Zinc is the major alloying element in the 7xxx series, and is used in amounts of 1% to 
8%.  When zinc is coupled with a smaller percentage of magnesium, the result yields a heat 
treatable alloy of moderate to very high strength.  The 7xxx series is the strongest of all the 
aluminium alloys, and are used in aircraft structural components and other high-strength 
applications.   
 8xxx: This alloy series constitutes a wide range of chemical compositions and may contain 
appreciable amounts of tin, lithium, and/or iron.   
 9xxx: This series is reserved for future use.   
 
2.4.2.1.2 Cast Aluminium Alloys 
Many similarities exist between cast- and wrought aluminium alloys.  The same alloy systems are 
used to describe both, they are strengthened by the same mechanisms, with the general exception of 
strain hardening, and are similarly classified into heat treatable and non-heat treatable types [64].  The 
biggest difference between the two alloys is that casting alloys contain alloying additions of silicon 
far in excess to that of most wrought alloys.  This addition of silicon is what makes the casting of 
high-volume aluminium economically viable.  A three digit system, followed by a decimal value is 
used to describe the casting compositions of this class of aluminium alloys.  The .0 decimal pertains, 
in all cases, to casting alloy limits, and the .1 and .2 decimals are concerned with ingot compositions, 
which should result in chemistries conforming to casting specification requirements after the melting 
and processing procedures are completed [64].  The alloy families and their uses for casting 
compositions are described as follows [62]–[64], [66]: 
 1xx.x: This series contains unalloyed compositions of aluminium and are usually used to 
manufacture rotors.   
 2xx.x: The 2xx.x aluminium-copper group are used when high-strength is the predominant 
requirement.  In order to realise the full mechanical-property capabilities of these alloys, good 
casting design and foundry techniques must be employed.  Even though the 2xx.x alloys have 
the highest strengths and hardness of all cast aluminium alloys, their general corrosion 
resistance is lower than that of the other classes.   
 3xx.x: Nearly 90% of all shaped aluminium castings are produced from the 3xx.x series.  Both 
copper and magnesium is used to increase the strength and hardness and with an increase 
addition of silicon, wear resistance can be increased, making it beneficial to use in engine 
applications such as pistons and cylinder blocks.   
 4xx.x: Alloys from the 2xx.x alloy group are based on the binary aluminium-silicon system 
and contains silicon from 5% up to 12%.  These cast alloys find use where combinations of 
moderate strength, high ductility and impact resistance is required, such as bridge railing 
support systems.   
 5xx.x: the primary advantage of aluminium-magnesium castings in the 5xx.x group are the 
moderate-to-high strength and toughness, and high corrosion resistance, especially in marine 
atmospheres.  These single phase binary alloys have good machinability and an attractive 
appearance when anodized, making it well suited for welded assemblies to fulfil architectural 
and other decorative building needs.   
 6xx.x: This series is unused. 
 7xx.x: This series contain aluminium-zinc-magnesium alloys and are most notable for their 
combinations of good finishing characteristics, good general corrosion resistance and the 
capability of developing high strength through natural aging.   
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 8xx.x: Tin is used as the principle alloying element in the 8xx.x group and also contain small 
amounts of copper and nickel for strengthening.  These alloys were mainly developed for 
bearing applications for connecting rods and crankcase bearings for diesel engines.   
 
2.4.2.2 Machinability of Aluminium 
Aluminium and aluminium alloys are considered to be relatively easy to shape metals, especially in 
material removal processes and offer the offer the highest levels of machinability when compared to 
other families of lightweight metals such as titanium and magnesium alloys [67].  Pure, unalloyed 
aluminium is a relatively soft and ductile material and tends to cause a build-up of material on the 
cutting tool, thereby reducing the tool-life without causing considerable wear on the tool [58].  
Machining characteristics of aluminium can considerably be improved by adding alloying elements 
to the solution [68].  The built-up edge on the cutting tool is reduced by alloying elements that makes 
the aluminium alloy work-hardenable or heat-treatable, which is why most wrought aluminium alloys 
have excellent machinability characteristics [69].  Cast aluminium alloys that contain very hard 
constituents such as silicon, chromium or manganese noticeably decreases the tool life.  The use of 
small rake angles can however improve machinability for these cases [26].   
In summary, the poorest machining characteristics are attributed to the alloys that are in the softest 
condition and have the lowest alloy content.  The low cutting forces involved when machining 
aluminium alloys renders the process relatively easy and the expected tool life is relatively high if 
there is no built-up edge or material adhesion to the cutting tool.  The surface finish is a product of 
chip formation and can be regulated through the addition of elements out of solution to act as chip 
breakers.   
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2.5 CubeSat 
This chapter will look at the current market trends for CubeSats, and the future predictions for their 
uses in space.  Several companies that manufacture CubeSat spaceframes will be investigated.  The 
different spaceframe designs are analysed and used as a benchmark for the KletsKOUS prototype to 
determine the viability of the new design.  The CubeSat Design Specification document (CDS), is 
thoroughly studied and provides the basis for understanding the specifications to which the satellite 
must adhere.   
2.5.1 Satellites in South Africa 
In 1992, the Stellenbosch UNiversity SATellite (SUNSAT) microsatellite project was started.  The 
University of Stellenbosch initiated the project in 1992 with the aim of producing South African 
satellite engineers for a future satellite industry and fostering international university space 
cooperation [70].  This program was very successful and led to the launch of SUNSAT-1, Africa’s 
first indigenous orbiting satellite [71].  The Department of Electrical and Electronic Engineering at 
Stellenbosch University decided in 1991 to add a micro-satellite project to the list of curricular 
activities [71].  This programme would satisfy the following goals: 
 Adding a multi-disciplinary engineering research opportunity to the graduate portfolio 
 Stimulating significant international interaction through a challenging research initiative 
 Helping to stimulate the interest of youth in science and technology 
 
The plan was to send three satellites into orbit, but funding and launch delays extended SUNSAT’s 
development until 1999.  During this time, over 96 students were involved in the project, over 45 
graduate degrees were completed and over 25000 children were involved with assembling school 
electronic kits through the MTN-SUNSTEP schools programme [71].   
SUNSAT-1 is seen in Figure 16a.  It was launched into orbit via a United States Air Force Delta II 
rocket on 23 February 1999.  The micro-satellite weighed in at 64 kg and was designated with the 
call sign OSCAR 35 (SO-35) after starting South African and international Amateur Radio activities 
through the on board VHF Parrot receiver and UHF transmitter.  The primary payload of SUNSAT-
1 could return 15 meter resolution, 3456 pixel/line, 3-band stereo images [71].  The satellite had a 
lifetime of almost two years and made final contact in January 2001 [70].   
Figure 16: SUNSAT-1, Africa's first indigenous orbiting satellite, and SumbandilaSat, South Africa's second 
satellite 
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A university spin-off company called SunSpace, built South Africa’s second satellite which was 
launched in September 2009 [70].  It was named SumbandilaSat, and produced more than 1200 useful 
images before a power switch failure in 2011 resulted in the satellite losing the pointing stability 
required by the high resolution imager, ultimately rendering the satellite useless.  SumbandilaSat can 
be seen in Figure 16b.   
South Africa’s first nano-satellite, a CubeSat named ZACUBE-1, was developed by the Cape 
Peninsula University of Technology (CPUT), the South African National Space Agency (SANSA), 
and Stellenbosch University (SU), with the mission of characterizing the Super Dual Auroral Radar 
Network (SuperDARN) radar array at the South African Antarctic station SANAE-IV [72].  
ZACUBE-1 is a 1U CubeSat with a mass of 1.2kg and a total power output of 3W.  The main payload 
of the satellite is a high frequency (HF) radio beacon with an innovative antenna deployment 
mechanism for the 10m antenna to efficiently transmit the signal at 14.099MHz [72].  ZACUBE-1 
can be seen in Figure 5a below, with the specialized antenna deployment mechanism depicted in 
Figure 5b.   
 
2.5.2 Market Allocation 
SpaceWorks is an aerospace engineering company that specializes in designing and assessing 
advanced concepts for space, has actively monitored the global small satellite activities since 2008 
[73].  Table 3 below describes the different classes of small satellites and their comparative mass 
ranges.  According to this data, a CubeSat is defined as a Nano-satellite as the maximum allowable 
weight of the 1U design must not exceed 1.33kg.   
Table 3: Different satellite classes and their respective mass ranges (Adapted from [73]) 
Satellite Class Mass Range 
Femto-satellite 10 – 100 g 
Pico-Satellite < 1 kg 
Nano-Satellite 1 – 10 kg 
Micro-Satellite 10 – 100 kg 
Small Satellite 100 – 500 kg 
 
  
Figure 17: ZACUBE-1 and its specialized antenna deployment mechanism (Adapted from [72]) 
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Figure 18 shows the launch data for satellites under 50 kg from the year 2000 to 2016.  The number 
of satellites per year is split into two segments, 1 – 10 kg and 11 – 50 kg.  for the purpose of this 
study, emphasis will be placed on the 1 – 10 kg segment, as this contains the weight range for a 1 U 
CubeSat.  Small satellite use saw a steady increase throughout the early 2000s.  This steady growth 
can be attributed to universities and academic institutions adopting the CubeSat platform to provide 
an educational experience for students.  As component technologies were further miniaturised, the 
capabilities of these small, lightweight satellites with their comparatively low costs, became a suitable 
platform for various mission concepts, including technology demonstration, scientific investigation, 
remote sensing and deep space exploration [74].   
The reason for the drastic increase in the number of satellites in 2013 is directly proportionate to the 
availability of launch opportunities small satellites.  Since 2008, NASA has strived to provide launch 
opportunities for small satellite payloads through their CubeSat Launch Initiative (CSLI) [75].  The 
first successful initiative launched in 2010 and caught the attention of the small satellite community.  
With an average development lifecycle for a CubeSat being +- 2 years, and if testing is included, it 
would take approximately 3 years for a CubeSat to be launch-ready, thus the high spike in the number 
of satellites in 2013, three years after the first successful CSLI launch.  This assumption is backed up 
by NASA’s 2012 plan to launch three more scheduled missions by the end of 2013, with each of these 
missions carrying anywhere from three to six P-POD’s into orbit [75]. This translates to anywhere 
from 27 to 54 1U CubeSats being flown by NASA’s CubeSat Launch Initiative alone in 2013.   
In 2014, the number of satellites almost doubled when compared to that of the previous year, thanks 
to Planet Lab’s Flock 1 constellation.  Planet Labs Incorporated is a San Francisco base company, 
founded in 2011 with the specific mission of providing medium-to-high resolution imaging of the 
entire planet on a daily, recurring basis [76].  Flock 1 consisted of 28 satellites that were deployed 
over 3 weeks in February from the International Space Station (ISS), via the NanoRacks deployment 
system [76].  The NanoRacks CubeSat Deployer (NRCSD) is a self-contained CubeSat deployment 
system that isolates the CubeSats, mechanically and electrically, from the ISS, cargo resupply 
vehicles and the crew of the ISS [77].  The Flock 1 Constellation can be seen in Figure 19a.  Figure 
19b is the Planet Dove nanosatellite in full operational configuration with deployed solar panels and 
the communications antenna flap opened.  
Figure 18: Historical small satellite launch data illustrating the market growth of the industry (Adapted from [74]) 
Stellenbosch University  https://scholar.sun.ac.za
33 | P a g e  
 
 
2.5.3 Manufacturers of CubeSat Spaceframes 
This section will look at some of the companies that manufacture CubeSat spaceframes.  The cost 
and weight of each structure will be determined and then compared to the final KletsKOUS prototype.  
The design efficiency will also be calculated for further, in depth comparison. 
2.5.3.1 Innovative Solutions In Space (ISIS) 
Innovative Solutions In Space (ISIS) was founded in 2006 as a spin-off from Delft University of 
Technology’s Delfi-C3 nanosatellite project [78].  The company sells space solutions to customers 
and combines research and development, testing, launch services and small space system operation 
to provide the right solution to each customer.  The 1U CubeSat structure of ISIS can be seen in 
Figure 20.  According to their website, this design offers [79]: 
 A highly modular platform 
 Detachable side panels 
 Supports multiple Printed Circuit Board (PCB) sizes  
 Dual kill-switch mechanism 
 Scalable design  
  
Figure 19a) Flock 1 Constellation and b) Planet Dove nanosatellite in full operational configuration (Adapted from 
[84]) 
Figure 20: ISIS 1U CubeSat design 
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The results of the design analysis are listed in Table 4 below:  
Table 4: 1U ISIS CubeSat components list and structure weight 
Part Description 
Primary 
Component Material Quantity 
Weight 
(grams) 
1 Side Frame Y - 2 - 
2 Ribs Y - 2 - 
3 Kill Switch Mechanisms Y - 2 - 
4 Fasteners Y - 16 - 
5 Aluminium Shear Panels N - 6 - 
6 M3 Threaded Rods N - 4 - 
7 M3 Helix Nuts N - 8 - 
8 M3 Bus Spacers N - 20 - 
9 M3 Washers N - 48 - 
 
 Total 108 200 
 
It should be noted that the ISIS spaceframe has a large number of parts, most of which are secondary 
components, thus rendering a sub-optimal design.  A total structure weight of only 200 grams implies 
that a payload of up to 1.1kg can be carried into space.  The calculations for the design efficiency of 
the 1U ISIS structure are as follows: 
𝐷𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
× 100 
𝐷𝐸 =  
22
86
× 100 
𝐷𝐸 = 25.58% 
The DE value of 25.58% reflects the fact that the structure has a lot of components that are not needed 
for primary assembly.  This result could be interpreted to mean that the spaceframe is harder to 
assemble due to the high variety of components needed for assembly.   
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2.5.3.2 EnduroSat 
EnduroSat was founded in 2015 with the purpose of enabling the next generation of space mission 
through the creation of remarkable spacecraft [80].  The company designs, builds and space-qualifies 
CubeSat platforms for missions ranging from Low Earth Orbit to solar system exploration.  Their 
main focus is on swarm satellite applications and inter-satellite connectivity.  The 1U CubeSat 
structure of EnduroSat can be seen in Figure 21.  This design offers the following features: 
 An option between one or two kill-switches 
 Two separation springs 
 Customizable design 
Even though EnduroSat is a young company when it comes to CubeSat spaceframe manufacturing, 
they offer a competitive product that is very lightweight when compared to other industry leaders.  
The results of the design analysis for the 1U EnduroSat Structure are listed in Table 5 below: 
Table 5: 1U EnduroSat components list and structure weight 
Part Description 
Primary 
Component Material Quantity 
Weight 
(grams) 
1 Top Element Y  1 - 
2 Bottom Element Y  1 - 
3 Leg Unit Y  4 - 
4 Fasteners Y  16 - 
5 Kill Switch N  2 - 
6 Separation Springs N  4 - 
7 Custom Stack Rods N  8 - 
8 Custom Nuts N  8 - 
 
 Total 44 98 
 
One observation that could be interpreted as a possible negative factor during the integration phase is 
the high number of fasteners needed to assemble the structure.  The calculations for the design 
efficiency of the 1U EnduroSat structure are as follows: 
Figure 21: EnduroSat 1U CubeSat structure 
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𝐷𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
× 100 
𝐷𝐸 =  
22
44
× 100 
𝐷𝐸 = 50% 
Even though the EnduroSat structure has some standardised components, the low DE score can be 
attributed to the high amount of secondary components.   
 
2.5.3.3 Pumpkin Space Systems 
Pumpkin Space Systems, a business unit of Pumpkin Inc., focusses on nanosatellite buses and 
operating software, with CubeSat solutions ranging from sub-1U through to 3U [81].  Figure 22 
illustrates the 1U CubeSat design from Pumpkin Space Systems.   
This CubeSat structure is one of the most commonly used products up to date, and the company 
provides a wide range of solutions to support the customer with.  It is evident that this is a market 
leader in its field, and the results of the design analysis for the 1U Pumpkin Structure are listed in 
Table 6 below: 
Table 6: 1U Pumpkin CubeSat components list and structure weight 
Part Description 
Primary 
Component Material Quantity 
Weight 
(grams) 
1 Chassis Walls Y  1 71 
2 Base Plate Assembly Y  1 52 
3 Cover Plate Assembly Y  1 37 
4 Fasteners Y  8 9 
5 RBF Bracket Kit N  2 10 
6 Mid-Plane Standoffs N  2 20 
7 Rod-and-Spacer Kit N  1 - 
 
 Total 16 199 
 
Figure 22: Pumpkin Space System’s 1U CubeSat structure 
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The calculations for the design efficiency of the 1U Pumpkin structure are as follows: 
𝐷𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
× 100 
𝐷𝐸 =  
11
16
× 100 
𝐷𝐸 = 68.75% 
Seeing as Pumpkin Space started manufacturing CubeSat structures since 2000, it is not surprising to 
see that the DE value has increased substantially over the previous two spaceframes.  The structure 
weight of 199 grams places the Pumpkin CubeSat on par with the ISIS structure, but with an increased 
DE value of 68.75%.   
 
2.5.3.4 Clyde Space 
Clyde Space is a privately owned company founded in 2005.  They design innovative products and 
tailor make solutions to meet the project requirements of the customer.  Clyde Space’s 1U CubeSat 
design is seen in Figure 23.  This design offers the following features: 
 Full compatibility with CubeSat standard 
 Adaptability to a wide range of mission requirements 
Clyde Space is one of the market leaders when it comes to spaceframe design.  They offer a highly 
adaptable CubeSat structure that weighs in at well below the industry mean.  The results of the design 
analysis for the 1U Clyde Space Structure are listed in Table 7 below:   
 
Figure 23: Clyde Space's 1U CubeSat structure 
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Table 7: 1U Clyde Space CubeSat components list and structure weight 
Part Description 
Primary 
Component Material Quantity 
Weight 
(grams) 
1 Rail Unit Y  4 - 
2 Z-Axis Panel Y  2 - 
3 Side Panel Y  4 - 
4 Fasteners Y  24 - 
5 Separation Switches N  2 - 
6 Separation Springs N  2 - 
 
 Total 38 155 
 
The total weight of the Clyde Space structure amounts to 155 grams, and it offers the highest DE 
value out of all the spaceframes used for the benchmark study.  This can be attributed to the 
standardization of parts used to assemble the structure.  The calculations for the design efficiency of 
the 1U Clyde Space structure are as follows: 
𝐷𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
× 100 
𝐷𝐸 =  
34
38
× 100 
𝐷𝐸 = 89.47% 
Even though this CubeSat spaceframe uses more fasteners than the other benchmarked products, it 
still manages to achieve an efficient design with a DE value of 89.47%.  This is well above the 
standard and seems to be a good structure to use in the benchmark study.   
 
2.5.4 Design Specifications 
Cal Poly, the developer of the Poly-Picosatellite Orbital Deployer (P-POD), has the primary 
responsibility of ensuring the safety of the CubeSat and protecting the launch vehicle (LV), primary 
payload and other CubeSats.  Therefore it is necessary that all the participants of the CubeSat Program 
meet the design and minimum testing requirements outlined in the CDS [7].   
2.5.4.1 General Specifications 
Cal Poly’s CubeSat Design Specifications lists various requirements that a CubeSat must adhere too 
to be allowed to enter space [7].  If, for any reason, a CubeSat incorporates a deviation from the CDS, 
a Deviation Waiver Approval Request (DAR) must be submitted.  All parts must remain attached to 
the satellite during launch as to not create any additional space debris.  The use of pyrotechnics is not 
permitted and any propulsion system on board the CubeSat must be designed, integrated and tested 
in accordance with the Air Force Space Command Manual 91-710 Volume 3 (AFSPCMAN 91-710, 
Vol. 3) [7], and must have at least three inhibits to activation.  The maximum allowed stored chemical 
energy capacity is 100 Watt-Hours.  Although the use of higher storage capacities is permitted (via a 
DAR), it could potentially limit the launch opportunities.  All hazardous materials present on the 
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CubeSat must conform to the AFSPCMAN 91-710, Vol. 3, which defines the Hazardous Materials 
Selection Criteria to be the requirements for preventing or minimizing the consequences of 
catastrophic releases of toxic, reactive, flammable, or explosive materials that may result in toxic, 
fire, or explosion hazards [82].  All of the CubeSat materials must satisfy the NASA approved low 
out-gassing criteria to prevent the contamination of other spacecraft during integration, testing and 
launch.  All CubeSats must have a Total Mass Loss (TML) of less than 1%, and a Collected Volatile 
Condensable Material of less than 0.1%.   
2.5.4.2 Mechanical Requirements 
For the CubeSat to be allowed onto the launch pod, it must adhere to the various mechanical 
requirements specified in the CubeSat Design Specifications [7].  This includes the coordinate system 
of the satellite, which must match that of the P-POD.  All deployables must be constrained by the 
CubeSat and not the P-POD.  At least 75% of the rails must be in contact with the P-POD rails, while 
the remaining 25% of the rails may be recessed.  No part of the rail is allowed to exceed this 
specification.  The maximum allowable weights of the various CubeSat units are displayed in Table 
8.  All larger masses may be evaluated on a mission to mission basis. 
Table 8: Maximum allowable weight for each CubeSat unit ranging from 1U up to 3U 
CubeSat 
Unit 
Maximum allowable 
weight (kg) 
1U 1.33 
1,5U 2.00 
2U 2.66 
3U 4.00 
 
The centre of gravity of the CubeSat must be located within 2 cm from its geometric centre in the X- 
and Y-direction for all CubeSat units.  Table 9 provides the required position of the centre of gravity 
in the Z-direction for all CubeSat units. 
Table 9: Position of the centre of gravity of the CubeSat in the Z-direction for all CubeSat units ranging from 1U up to 
3U 
 
 
 
 
 
 
  
CubeSat 
Unit 
Centre of gravity 
position in the Z-
direction (cm) 
1U 2.00 
1,5U 3.00 
2U 4.50 
3U 7.00 
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To prevent any cold welding within the P-POD, the CubeSat rails and standoff, which come into 
contact with the P-POD rails and adjacent CubeSat standoffs, must be manufactured out of hard, 
anodized aluminium.  In order to ensure adequate separation between the units in the P-POD, it is 
required that the 1U, 1.5U, and 2U CubeSats use separation springs illustrated in Figure 24 to achieve 
this.   
The recommended separation spring characteristics is shown in Table 10.   
Table 10: Recommended separation spring characteristics to insure that adequate separation occurs between the 
CubeSat units inside the P-POD 
Characteristic Value 
Plunger Material Stainless Steel 
Initial End Force 0.41 lbs 
Final End Force 0.9 lbs 
Throw Length 0.16 inch. Min above the standoff surface 
Thread Pitch 8-36 UNF-2B 
 
  
Figure 24: CubeSat separation spring dimensions in inches for use in the 1U, 1.5U and 2U CubeSats 
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The 3U CubeSat does not require the use of a separation spring, as it will be the only satellite inside 
the P-POD.  The separation springs must be at or below the level of the standoff when compressed 
situated on the end of the standoff on the CubeSat’s Z-face, as seen in Figure 25.   
 
2.5.4.3 Electrical Requirements 
To prevent the CubeSat from activating any powered functions while integrated in the P-POD, the 
power system must be in an off state, from the time of delivery to the launch vehicle, through to on-
orbit deployment.  There must be at least one deployment switch on a rail standoff as seen in Figure 
5 above.  The function of the deployment switch is to electrically disconnect the power system from 
the powered functions while the CubeSat resides in the actuated state and must remain so at all times 
during integration in the P-POD, with the deployment switch being at or below the level of the 
standoff.  Toggling the deployment switch between the actuated and normal state must reset the 
transmission and deployable timers to zero.  All CubeSats must contain a remove before flight (RBF) 
pin that is not allowed to protrude more than 6.5 mm from the rails when it is fully inserted.  The 
function of the RBF pin is to cut all power to the satellite once it’s inserted after which it will be 
removed as soon as the CubeSat is integrated with the P-POD.  All CubeSat umbilical connectors, as 
well as the RFB pin must be situated within the designated Access Port locations, the green shaded 
areas of the CubeSat Design Specification Drawings.  These drawings can be seen in Appendix A.  
To avoid unbalanced cell conditions, the CubeSat must incorporate a battery circuit protection for 
charging or discharging.   
Figure 25: Placement options for deployment switches and separation springs for 1U, 1.5U and 2U CubeSat units 
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2.5.4.4 Operational Requirements 
All CubeSats must comply with their respective countries’ radio licence agreements and restrictions 
and for the use of radio frequencies, documentation of proper licenses must be obtained and provided 
by the operators.  In order to limit the orbital debris, the CubeSat’s mission design and hardware must 
be in accordance with NASA’s Procedural Requirements, NPR 8715.6.  A minimum waiting time of 
30 minutes is required after the CubeSat is ejected from the P-POD before any of the deployables 
such as booms, antennas and/or solar panels are allowed to deploy and a waiting time of 45 minutes 
is required after on-orbit deployment before the CubeSat can generate or transmit any signal.   
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Chapter 3 Research Methodology 
The research methodology that was used to complete this study is depicted in Figure 26.  It consists 
of four phases, designed specifically to reach all of the research objectives.  The grey diamond shape 
in the background of the figure not only represents the knowledge gained as the phases progressed, 
but also the effort required during each of the phases.   
Phase one was aimed at bridging the knowledge gap that existed at the start of the study.  Focus was 
placed on resource efficient manufacturing practises, material properties and applications, and 
CubeSat market allocations and design specifications.  Four competitors in the field of CubeSat 
spaceframe manufacturing were identified and an investigation was done to determine the cost and 
weight of each competing structure.  These results would later be used to validate the final CubeSat 
spaceframe prototype.  The background study in Phase two consisted of previous work done with 
regards to material selection of a CubeSat spaceframe.  With this information, the optimal spaceframe 
design was developed and a dovetail experiment was done to determine the accuracy of which the 
rail components could be manufactured.  Phase three incorporated the experimental results to form 
the resource efficient process chain, and Phase four validated the design by comparing it to the 
spaceframes of other companies.   
Figure 26: Schematic of the research methodology that was followed to complete all of the research objectives 
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3.1 Background Study 
In 2015, SA AMSAT enlisted the help of Stellenbosch University to design a spaceframe with a 
higher strength-to-weight ratio than that of their current prototype.  The student developed a Material 
Selection Procedure as a stepping stone towards the optimum design.  The rationale behind this 
process was that if the optimal materials were selected for certain components, the overall structure 
of the satellite will be more efficient.  This section will describe the work that was previously done 
and provide some insight into the project and to set the context on which this thesis is based.   
3.1.1 Material Selection Procedure 
A process for concurrently selecting the optimal design, material and manufacturing procedure was 
developed as part of a final year thesis in 2015.  Figure 27 illustrates this procedure and the interaction 
between each process with the outcome being a full product specification that meets the needs of the 
customer and fulfils the product specifications.   
Figure 27: Process for concurrently selecting the optimal design, process and material to meet specific customer needs 
and design requirements 
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The first step in the design process is to fully understand the customer’s needs and the design 
requirements.  This is done by formulating a needs statement to specify all the tasks and requirements 
of the design.  Once the customer needs and design requirements have been established, it is possible 
to undertake the Material Selection Procedure to determine the best material to use for the design.  
By taking account the customer needs, design requirements and the results of the material selection, 
it is possible to select the optimal manufacturing process.  The Design for Manufacture (DFM) phase 
of the design process involves three stages, each with a screening process to ensure that the design is 
kept in line with the material properties, process capabilities and overall objectives.  By evaluating 
the final design we can ensure that the given solution is optimal and falls within the design 
specification while meeting all of the customer needs. 
This thesis will only use the results of the Material Selection Procedure as material and financial 
constraints in 2015 prohibited the use of the resulting material, which in the end influenced the final 
result. 
3.1.1.1 Customer Needs and Design Requirements 
By analysing the CubeSat Design Specification document, through correspondence with the 
KletsKOUS team and carefully researching available spaceframes and their shortcomings, the 
following customer needs and design requirements were established: 
Customer needs: 
 The new design must yield a lighter spaceframe 
 The spaceframe must allow for the use of a specialised antenna deployment system to 
minimise the effect that the resulting force will have on the orientation of the spaceframe 
 The spaceframe must allow for the use of deployable solar panels to increase the power 
capacity of the satellite 
Design requirements: 
 The CubeSat must have a total mass loss (TML) of less than 1% 
 All deployable elements of the CubeSat must be constrained by the spaceframe and not the P-
POD 
 At least 75% of the CubeSat’s rails must be in contact with the P-POD’s rails at all times 
 The CubeSat’s rails and standoffs must be manufactured out of anodized aluminium 
 The CubeSat’s centre of gravity must be located within 2cm of the geometric centre of gravity 
in the X-, Y-, and Z-directions 
 The maximum allowable weight of the CubeSat is 1.33kg 
 The assembly process of the spaceframe should not require the use of screws 
 
3.1.1.2 Material Selection Procedure 
The vast amount of materials that is available at the moment can cause the material selection 
procedure to become a tedious and time-consuming task.  Selecting the material during the early 
stages of development allows the designers to determine the material’s limitations in terms of 
manufacturing.  This allows the design to be made with these manufacturing constraints in mind, 
which in turn lowers the overall production costs and produces a product that is easier to manufacture 
and assemble.   
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The four stages of the Material Selection Procedure ensures that the most suitable material will be 
selected for use.  Figure 28 shows the Material Selection Procedure with the four stages namely: 
Selection Data, Requirement Filter, Material Family Tree, and Material Filter.  The CES EduPack 
2015 software provides a comprehensive database of materials and process information, powerful 
materials software tools and a range of supporting literature. This software was used to acquire the 
necessary data that was needed during the material selection procedure. 
By analysing the generic CubeSat structure in the CubeSat Design Specifications document in 
Appendix A, two components stand out as important: The rails (corners of cube) and the side panels.  
The material selection was done for each of the components and the results are as follows: 
3.1.1.2.1 CubeSat Rails 
The rails of the CubeSat can be compared to a square rod with a specified length of L that is required 
to carry a tensile force F without failure while weighing as little as possible. Maximising the 
performance of the side strut translates into minimizing the mass of the component while still carrying 
the load safely. The equation describing the quantity to be minimized, referred to as the objective 
function, is:  
 𝒎 = 𝑨𝑳𝝆 (1) 
 
Where m is the mass, A is the cross-sectional area of the side strut and ρ is the density of the material. 
It is possible to reduce the mass by reducing the cross-section, but the area, A, needs to be sufficient 
enough to carry the load, F. This requires that  
 𝑭
𝑨
 ≤  𝝈𝒇 (2) 
 
Where 𝜎𝑓 is the failure strength. Eliminating the area, A, between these equations gives  
 
𝒎 ≥ 𝑭𝑳 (
𝝆
𝝈𝒇
) 
(3) 
 
The brackets in this equation contain the material properties. By inverting the material properties, the 
material index, M, is defined as  
Figure 28: Material Selection Procedure used to determine the optimal material to use for the rail and side panel 
components of the CubeSat prototype 
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 𝑴 =  
𝝈𝒇
𝝆
 
(4) 
 
The next step is to identify, from the subset of materials that meet the constraints of stages 1 – 3, 
those that maximise the performance of the component. It is necessary to rewrite the equation above 
into a form that is compatible with the logarithmic scale of the bubble charts. Consider  
𝑀 =  
𝜎𝑓
𝜌
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝐶 
For a specific value of 𝜎𝑓 we have, using logs,  
 𝐥𝐨𝐠 𝝈𝒇 =  𝐥𝐨𝐠 𝝆 +  𝐥𝐨𝐠 𝑪 (5) 
 
If we substitute  
𝑦 =  log 𝜎𝑓 
𝑥 =  log 𝜌 
And  
 𝒄 =  𝐥𝐨𝐠 𝑪 (6-8) 
 
The material index equation becomes a straight line with a gradient of one, and can now be plotted 
on the logarithmic graph.  The results are displayed in Appendix B1. 
3.1.1.2.2 CubeSat Side Panel 
In the equation  
 
𝑴𝒑 =  
𝑬
𝟏
𝟑
𝝆
 
(9) 
 
E is Young’s Modulus, 𝜌 is the material density and 𝑀𝑝 is the material index for a light, stiff panel 
[83]. By converting the material index equation above to the linear logarithmic equation  
log 𝑀𝑝 = 3 log 𝜌 + 3 log 𝐶 
 
If we substitute  
𝑦 =  log 𝑀𝑝 
𝑥 =  log 𝜌 
And  
𝑐 = 3 log 𝐶 
The logarithmic equation becomes a linear equation with a slope of three, and can now be plotted on 
the logarithmic graph.  The results are displayed in Appendix B2.   
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3.2 Design Analysis of a CubeSat Spaceframe 
The analysis of the CubeSat design makes it possible to determine the feasibility of the prototype 
before moving into the manufacturing stage.  This will not only allow for the increase of the quality 
of the product by ensuring that design flaws are recognised early on, it will shorten the cycle time as 
the parts will be designed with manufacturing in mind, and it will reduce the overall cost of the 
product by eliminating the iteration cycle of design-manufacture-redesign-remanufacture.   
The design analysis consists of three steps.  First, the number of parts needed to complete the 
spaceframe is determined along with the weight of each part.  The parts are then grouped into primary 
and secondary components.  A component is classifies as a primary component when it is needed for 
assembly of the spaceframe, and a secondary component when it is combined with a primary 
component to form part of the final product.  Finally, the design efficiency (DE) of the CubeSat 
spaceframe is calculated with the use of Equation 10 below.   
 
𝑫𝑬 =  
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝑷𝒓𝒊𝒎𝒂𝒓𝒚 𝑪𝒐𝒎𝒑𝒐𝒏𝒆𝒏𝒕𝒔
𝑻𝒐𝒕𝒂𝒍 𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝑪𝒐𝒎𝒑𝒐𝒏𝒆𝒏𝒕𝒔
 × 𝟏𝟎𝟎 
(10) 
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Chapter 4: Experimental Setup and Design 
4.1 CubeSat Design  
The customer needs and design requirements that formed part of the needs statement in Chapter 3.1, 
along with the results of the Material Selection Procedure, was used as a baseline for the development 
of the CubeSat spaceframe.  For any design to be deemed sufficient, it had to conform to needs and 
requirements used during the material selection procedure.  The spaceframe, which is to be 
manufactured, should not only serve as a platform for the KletsKOUS CubeSat of SA AMSAT, but 
also provide the opportunity for any customer to design and develop their own satellite based on this 
CubeSat platform.   
4.1.1 KletsKOUS-1 
This design of the KletsKOUS-1 prototype utilizes a sliding fit principle, similar to dovetails but with 
a different shape, to lock the body of the spaceframe in place.  KletsKOUS-1 and the dovetail-like 
sliding mechanism can be seen in Figure 29.  The top and bottom panel is fastened in place using 
screws on each corner of the frame.  Connector pins located on the top and bottom panels serves as 
the hinges for the deployable solar panels.  The top panel was designed to house the antenna 
deployment system.  This system makes use of a circular component that houses the antenna, and by 
rotating the antenna housing, the antenna is retracted into the spaceframe and held in place with a 
locator pin.  Upon deployment, the housing is released and the antenna is deployed, utilizing magnets 
to slow the deployment down to an acceptable rate.  
All of the components of KletsKOUS-1 was manufactured using a manual milling machine.  The 
operator designed his own clamping tools and employed a trial and error approach to manufacture 
the structure.  Due to this method, the components of the spaceframe is not interchangeable and can 
only be assembled in a specific sequence.  Table 11 below lists the results of the analysis procedure.   
  
Figure 29: KletsKOUS-1 CubeSat prototype and innovative dovetail-like sliding fit mechanism 
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Table 11: KletsKOUS-1 CubeSat components list, material selection and structure weight 
Part Description 
Primary 
Component Material Quantity 
Weight 
(grams) 
1 Bottom Panel Y Al 7075 T6 1 48,9 
2 Side Panel Male Y Al 7075 T6 2 49,7 
3 Side Panel Female Y Al 7075 T6 2 30,1 
4 Antenna Housing Y Al 7075 T6 1 99,8 
5 Antenna Axis N Al 7075 T6 1 - 
6 Top Panel N Al 7075 T6 1 51,3 
7 Solar Panel Housing N Al 7075 T6 4 17,2 
8 Large Axis N 300WA Steel 4 5,2 
9 Small Axis N Stainless Steel 4 3 
10 Antenna Axis Screws N Brass 3 - 
11 Fastening Screws Y 300WA Steel 8 1,4 
 
 Total 31 472,4 
 
The KletsKOUS-1 prototype requires many parts to complete the assembly, as seen in the table above.  
Several limitations of the manual milling machine had severe implications on the material removal 
process, as there was no standardization to ensure accurate repeatability of the manufacturing process.  
This prototype was intended as a baseline on which improvements should be made.  Focus was not 
placed on a resource efficient design and manufacturing process to produce a refined CubeSat 
structure, but rather on producing a prototype spaceframe on which the various other CubeSat 
components can be tested.   
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4.1.2 KletsKOUS-2 
The KletsKOUS-2 prototype is the result of previous work done on the project.  Even though the 
proposed design conformed to the necessary customer specifications and CubeSat design 
requirements, material restrictions lead to a sub-optimal result.  A 3D model for the proposed 
KletsKOUS-2 design can be seen in Figure 30 below, and the detailed design drawings is found in 
Appendix C1.   
The prototype consisted of four identical side panels that locked into place with a sliding fit, to form 
the body of the spaceframe.  The bottom panel utilizes a small groove to keep it from slipping and 
four corner-screws locks it into place.  The antenna deployment system was re-envisioned as a 
mechanism that uses the natural spring characteristics of the antenna to deploy itself at the appropriate 
time.  This allowed for the redesign of the previous deployment system with the subsequent result of 
having a great impact on weight reduction.  The antenna deployment panel is fastened using screws 
on each of the four corners.  Finally, the eight CubeSat standoffs were attached to the corners using 
the same fastening screws as stated before.  The proposed manufacturing method for the 
KletsKOUS_2 spaceframe prototype was milling.  A copy of the quotation can be seen in Appendix 
D1.  This prototype was not manufactured, but served as a stepping stone towards the final design.  
Several lessons were learned and will be further explained in Chapter 4.1.3.  Because this prototype 
was not manufactured, the weight of each component was calculated using the part volume and 
material density.  Table 12 shows the results of the design analysis for KletsKOUS-2.   
Table 12: KletsKOUS-2 CubeSat components list, material selection and structure weight 
Part Description 
Primary 
Component Material Quantity 
Volume 
(cm3) 
Weight 
(grams) 
1 Bottom Cover Y Al 7075 T6 1 12,22 33,00 
2 Side Panel Y Al 7075 T6 4 14,03 37,87 
3 Antenna Deployment  Y Al 7075 T6 1 18,6 50.22 
4 Solar Panel Flap N Al 7075 T6 4 4,83 13,05 
5 Standoff N Al 7075 T6 8 0.567 1.53 
6 Fastening Screws Y 300WA Steel 8 - 1,4 
 
 Total 26 - 310.34 
Figure 30: 3D CAD rendering of the KletsKOUS-2 CubeSat prototype 
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The standardization of many of the components on the KletsKOUS-2 prototype, not only reduced the 
number of components needed for assembly, but also added to the repeatability of the final 
manufacturing process.  Increased repeatability increases the accuracy of the final part and is easier 
to manufacture.  The weight of each component was also reduced, as CAD/CAM software drastically 
increases the capabilities of a milling machine.   
4.1.3 KletsKOUS-3 
The design principles used while developing the KletsKOUS-2 prototype were carried over, refined 
and implemented to reach the optimal design for the CubeSat spaceframe.  To achieve the competitive 
edge over existing products in the market, the spaceframe had to be modular, fully scalable and easy 
to assemble.  The aim of a modular design is to provide the customer with as much freedom as 
possible to add or remove features, as they require.  This allows the customer to choose from a wider 
variety of CubeSat components, as the spaceframe is not company specific, but rather customer 
specific.  Modularity also encourages the customer to develop his or her own components because it 
can be seamlessly integrated with the spaceframe.  Standardising the parts of the spaceframe 
contributed to the ease of manufacture, lowered production costs and made the structure easy to 
assemble.  The scalability of the spaceframe design allows any size CubeSat, from 1U up to 3U to be 
assembled without the use of any extra components.  This will lower the manufacturing costs 
significantly, as there are no other machine setup or part programming necessary, other than which 
already exists in the process chain.  The ease of assembly allows the customer to quickly assemble 
and de-assemble the spaceframe during the integration process.  A decision was made to develop a 
spaceframe that uses interference fits to assemble the structure, rather than making use of small 
screws, that has traditionally been used for assembly.  Not only does this save the time that would 
normally be spent during the assembly process, but it also save the customer the frustration of having 
to work with multiple tiny screws.  This unique fastening method, in conjunction with the deployment 
method of the P-POD ensured that the structure will don disassemble during the flight to space.  The 
solution proved to be a unique spaceframe that can be easily manufactured, easily assembled and 
seamlessly integrated with existing or newly developed CubeSat components.   
 The detailed design of the KletsKOUS-3 spaceframe can be found in Appendix C2.  The rails are 
manufactured using a WEDM machining process with the machining parameters acquired from the 
dovetail experiment results in Chapter 5.3.  Tiny grooves in the rails allow the side panels to be fixed 
in place, completing the core structure of the satellite.  The side panels are manufactured from Ti-
6Al-4V grade 5 titanium plate.  The top and bottom panel are manufactured from 1200 Aluminium 
plate by virtue of a laser beam cutting process.  A key component of the spaceframe is the CubeSat 
standoffs.  The unique design fixes the top and bottom plates into position, adding the needed rigidity 
to the structure whilst preserving the ‘no screw’-policy for ease of assembly.  The results of the design 
analysis for the KletsKOUS-3 prototype is seen in Table 13 below.   
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Table 13: KletsKOUS-3 CubeSat components list, material selection and structure weight 
Part Description 
Primary 
Component Material Quantity 
Weight 
(grams) 
1 Rail Y Al 7075 T6 4 - 
2 Side Panel Y Ti-6Al-4V 4 - 
3 Top and Bottom Panel Y Al 1200 2 - 
4 Standoff Y Al 7075 T6 8 - 
   Total 18 134 
 
The reduction in the number of parts necessary for assembly is attributed to the part standardization 
process.  A lot of effort was expended to find a solution where parts can be re-used to complete the 
assembly, in a Lego-like fashion, rather than having to manufacture multiple components for the same 
purpose.  The Lego-like design means that each component has an effect on the next, when it comes 
to assembly, as the interference fits between the components keeps the structure together.  
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4.2 WEDM Dovetail Experiment 
The design of the spaceframe relies on interference fits to keep all the components together.  This 
indirectly implies that the accuracy of the parts is extremely important to ensure that all these 
tolerances are adhered to.  An experiment was designed to test the accuracy of a WEDM machine 
when cutting dovetail joints.  Three different dovetail sizes (small, medium and large) were compared 
to three different surface roughness values (Ra=0.5, Ra=1, Ra=5) to see what interaction occurred in 
terms of accuracy.  The results of this experiment will be used to determine the optimal combination 
of part size and machine parameter to use to achieve the most accurate cut.  Figure 31a below indicates 
the dovetail cut with the dimensions in the table next to it.  A plate size of 110mm x 8mm was used 
and the dovetails were cut along the entire length of the plate.  The cutting path of the wire can be 
seen in Figure 31b.   
The CAD design for each of the dovetail sizes were completed and exported to the WEDM machine.  
The different sizes can be seen in Table 10.  Because the dovetail is cut through the length of the 
plate, it was important to ensure that the part setup was done correctly.  It was of high importance to 
secure the plate perfectly perpendicular to the wire as to ensure a straight cut throughout the entire 
length of the plate.  Once the plate was setup in the cutting bed, the CAD designs were imported into 
the WEDM machine and the cutting path was programmed, as seen in Figure 17b, and the 
manufacturing process was initiated.   
  
Figure 31a) Dovetail profile with variable dimensions and b) Cutting path for the wire 
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Each of the three sizes were cut with each of the different surface roughness (Ra) values to ensure 
that the optimal data was acquired for the factorial design.  Table 14 below illustrates how the 
different factors were combined during the WEDM experiment.   
Table 14: Illustration of how the different factors of size and Ra were combined during the experiment 
    
Ra Value 
    
Low Medium High 
    
0 1 2 
       
S
iz
e 
Small 0 
 
00 01 02 
Medium 1 
 
10 11 12 
Large 2 
 
20 21 22 
 
After the completion of the cutting process, the parts were transferred to the reverse engineering 
laboratory to measure how closely the actual part measurements resembled that of the theoretical 
values.  It was decided to use the CMM machine to plot a profile around the dovetail at three places, 
as to accurately resemble the full profile of the entire part and not just at one point.  These coordinate 
plots were then measured to determine the average tail width and the average tail depth respectively.  
The coordinate measuring machine that was used to gather the data is a Mitutoyo Bright Apex 710 
with an accuracy of ±5µm.  The machine is fitted with a Renishaw PH10M swivel head and a TP2 
touch trigger system.  The probe consisted of a 10mm staff connected to a 0.5mm diameter tip.   The 
CMM machine was programmed to set a coordinate system for each part when it was measured.  This 
ensured repeatability of the measuring method that was used and minimized the human error on the 
output without having to use a jig to keep the parts in place.  The program used a plane and line 
system to locate the part and determine its orientation, before the measurement process was initiated.  
Each part has a length of 110mm and the three measurements were taken in the middle and 20mm 
from each end point, as indicated in Figure 32a.  Figure 32b is a representation of one of the coordinate 
plots obtained by the CMM machine.   
  
Figure 32: a) Positions at which the dovetails were measured by the CMM; b) Coordinate plots obtained by the CMM 
at one of the measurement points. 
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Once the measurements were completed, the accuracy of each part was calculated as a fraction of the 
total deviation from the theoretical size, as seen in Equation 11, where π is the theoretical size and α 
is the actual measurements. 
 𝑨 = 𝟏 − 
𝝅 −  𝜶
𝝅
 
(11) 
 
A 2–factorial interaction model was developed to test the validity of the data with the use of Design 
Expert 10.0.03 software.  The proposed relationship between the interaction of the surface roughness 
and the part size is described in Equation 12, where y is the response variable, x1 is the change in part 
size, x2 is the change in surface roughness, ε is the experimental errors and β0, β1, β2, and β3 are the 
model parameters to be estimated.    
 𝒚 = 𝜷𝟎 +  𝜷𝟏𝒙𝟏 +  𝜷𝟐𝒙𝟐 +  𝜷𝟑𝒙𝟏𝒙𝟐  +  𝜺 (12) 
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4.3 Resource Efficient Process Chain Design 
This section describes the rationale behind the process chains that were developed to manufacture the 
final CubeSat spaceframe.  The aim of these process chains are to facilitate in the development of a 
finished product from a raw material in a resource efficient manner.  Figure 33 is the manufacturing 
process chain that was developed for the KletsKOUS-3 prototype.  Each manufacturing process 
followed similar steps, and this process chain grouped these steps together to form a standardized 
process chain used by each of the manufacturing processes.   
The initial conversion of raw materials into a semi-final product is described by the material selection, 
machine setup and manufacturing process.  The output of the primary manufacturing processes is 
then subjected to a secondary process during post processing to obtain the final part geometry.  The 
final part inspection ensures that the finished part falls in-between the necessary tolerances to achieve 
the correct fit when assembling the spaceframe.   
 
 
 
  
Figure 33: Resource efficient process chain for the KletsKOUS-3 prototype 
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Chapter 5: Experimental Results and Discussion 
5.1 CubeSat Design 
This section will evaluate each of the KletsKOUS CubeSat spaceframes according to design 
efficiency and cost.  The results of the evaluation process is used to compare the KletsKOUS platform 
to that of ISIS Space, EnduroSat, Pumpkin Space Systems and Clyde Space as a validation.  The 
results of the validation process can be seen in Chapter 5.2.   
5.1.1 KletsKOUS-1 
The components for the KletsKOUS-1 prototype that forms basis of the design efficiency calculations 
is described in detail in Table XX of Chapter XX.  The calculations for the design efficiency of the 
KletsKOUS_1 prototype are as follows: 
𝐷𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
× 100 
𝐷𝐸 =  
14
31
× 100 
𝐷𝐸 = 45.16% 
This result is a reflection of the manual manufacturing process, as part repeatability was not possible.  
The high number of components needed for assembly, along with the complex antenna deployment 
that formed part of the main body assembly led to a suboptimal result.  Lots of lessons were learnt 
during the development process of the KletsKOUS-1 prototype, such as the importance of part 
repeatability and machining accuracy.  The sliding fit concept originated from this prototype and will 
be carried over to the final spaceframe.   
The overall quality of the spaceframe was found lacking, as there was limited access to an accurate 
clamping system, no CAD/CAM software to help with the design and the milling machine that was 
used was not calibrated in a very long time.  Each component only fit in at a certain position, and the 
corners of the structure was marked to help determine which part goes where during the assembly 
process.   
Because the KletsKOUS-1 prototype is a home built prototype based on a trial-and-error process, 
analysing the costs in an accurate manner was a challenging endeavour. The accuracy of the times 
for each step are only an approximation, and the hourly rate for a manual machinist was taken to be 
R200.  It is assumed that this hourly rate takes into account the tooling and energy costs, as well as 
any overtime.  The results were extensively studied in previous work and can be seen in Table 15 
below.   
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Table 15: Manufacturing time and cost breakdown for the KletsKOUS-1 Prototype 
Task Time (Hours) Cost 
Cutting the aluminium plate into the required sizes 6  R 1 200.00  
Cutting the grooves for the assembly of the sides 10  R 2 000.00  
Reducing the sides to a frame structure 8  R 1 600.00  
Cutting the locking grooves in the top plate 5  R 1 000.00  
Reducing the thickness of the centre section of the top plate 4  R 800.00  
Cutting the centre rotation section of the top plate 7  R 1 400.00  
Cutting the locking grooves in the bottom plate 5  R 1 000.00  
Reducing the thickness of the centre section of the bottom plate 4  R 800.00  
Cutting the locking grooves in the top plate of the antenna release 
mechanism 
5  R 1 000.00  
Cutting of the antenna housing cavity 4  R 800.00  
Cutting weight reducing pattern in top plate of antenna housing 3  R 600.00  
Cutting and drilling of the hinge section of the solar panel frames 8  R 1 600.00  
Removing centre section of solar panel frames 8  R 1 600.00  
Machining hinge pins 4  R 800.00  
Cutting the plastic antenna spool and housing 4  R 800.00  
Cut out for antenna retarding mechanism 2  R 400.00  
Magnetic retarding mechanism 6  R 1 200.00  
Drilling and tapping of various fastening screw holes 8  R 1 600.00  
Total 101 R 20 200.00 
 
The total manufacturing time to complete the entire CubeSat spaceframe is estimated to be 101 hours.  
It must be noted that during the entire manufacturing process, problems were solved as they arose.  
This means that there is room to streamline this process, but it serves as a good baseline for further 
improvement.  The total manufacturing cost of the structure added up to be R20200.00.  This is 
excluding the material costs, which is estimated to be R192.36, excluding VAT, shipping costs and 
additional expenditures.    
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5.1.2 KletsKOUS-2 
Table XX in Chapter XX lists all the components and their respective weights for the KletsKOUS-2 
prototype.  Emphasis was placed on the material selection procedure and the design process of this 
spaceframe, as it was not manufactured.  Material restrictions at the time severely limited the outcome 
for KletsKOUS-2, as is evident in the DE result.  The calculations for the design efficiency of the 
KletsKOUS_2 prototype design are as follows: 
𝐷𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
× 100 
𝐷𝐸 =  
14
26
× 100 
𝐷𝐸 = 53.85% 
Material selection, part standardisation and the availability of CAD software streamlined the 
manufacturing process which led to the DE value of just over 50%.   
The cost for the KletsKOUS-2 prototype is based on a quotation received from Stellenbosch 
University’s Institute for Advanced Tooling in 2015.  This data formed part of previous work done 
on the project and the detailed quotation can be seen in Appendix D1.  The total cost for 
manufacturing the prototype added up to R10317.00 and the total material cost is estimated to be 
R164.88.  VAT, shipping costs and additional expenditures are excluded in the cost of material.   
 
5.1.3 KletsKOUS-3 
The design KletsKOUS-3 prototype is based on the resource efficient manufacturing principles of 
part reduction and part standardization.  The DE value of KletsKOUS-2 is mainly attributed to the 
standardizing of the side panel components.  This lesson had a big influence on the design of 
KletsKOUS-3.  By standardizing the components, the manufacturing process was severely simplified 
and made it possible for the components to be manufactured by more than one entity, and still fit 
together when assembled.  The weight restriction of the CubeSat platform had the biggest influence, 
and the aim was to produce a spaceframe that weighed less than 200 grams.  The result of the design 
efficiency calculations are as follows: 
𝐷𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
× 100 
𝐷𝐸 =  
18
18
× 100 
𝐷𝐸 = 100% 
The unique interference fit that is utilized during the assembly of the spaceframe, has the resultant 
effect that every component is needed to keep the structure in place.  Thus it is possible to have a DE 
value of 100%.  It should be noted that this structure was designed to be as efficient as possible and 
it is not surprising that the results are so high.   
A time-cost breakdown for the KletsKOUS-3 prototype can be seen in Table 16.  The Total 
manufacturing time for the CubeSat spaceframe is 1020 minutes, and the total cost can be rounded to 
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R3600.  This cost does not include VAT, shipping costs or any additional expenditures that might 
have been incurred.  The lengthy manufacturing time is the trade-off that is made for the accuracy 
that was achieved during manufacturing.  By improving the resource efficiency of the process chains, 
the manufacturing cost severely reduced when compared to that of KletsKOUS-1, and is about a third 
of the cost of KletsKOUS-2, even though KletsKOUS-3 is the lightest structure with the highest DE 
value.   
Table 16: Time-cost breakdown for the KletsKOUS-3 prototype 
  Time (min) Cost (Rand)   
Component Number Setup Machine Total Setup Machine Material Total Weight 
(grams) 
Quality 
Standoff 8.00 15.00 45.00 480.00 150.00 300.00 46.23 2 596.23 - 0.05 
Rail 4.00 30.00 120.00 510.00 200.00 100.00 92.49 692.49 - 0.0013 
Top panel 2.00 5.00 10.00 15.00 0.00 29.69 0.00 59.38 - 0.2 
Side panel 4.00 5.00 10.00 15.00 0.00 19.77 171.40 250.48 - 0.2 
Total 18.00 55.00 185.00 1 020.00 350.00 449.46 310.12 3 598.58 134 0.4513 
 
The quotation for buying the Al 7075-T6 plate needed for the construction of the rails can be seen in 
Appendix D2, with the total cost of acquiring five 10mm aluminium plates adding up to R790.59.  
From this, a simple calculation was done to determine the price per volume of the material so that the 
material needed for the rails and the standoffs could be calculated accurately.  The Quotation from 
the Institute for Advanced Tooling for wire cutting the rails amounted to R684.00, as seen in 
Appendix D3, and the total cost for manufacturing the top, bottom, and side panels added up to 
R576.54, as shown in Appendix D4.  Detailed quotations for all of the purchase orders can be seen 
in Appendix D.   
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5.2 CubeSat Design Validation 
The validation of the KletsKOUS-3 design was done in three parts.  First, the design efficiency of the 
CubeSat was compared to the benchmarked components, to determine if the structure would be easy 
to manufacture, and easy to assemble.  Secondly, the weight comparison between the different 
spaceframes would show how competitive the structure would be in the market place.  Lastly, the 
cost analysis would determine whether KletsKOUS-3 would have a competitive edge to gain entry to 
the market.  The results of the design comparison between the CubeSat structures is seen in Figure 
34.   
The manufacturing principles of part reduction and standardization, in conjunction with the unique 
design of the structure, resulted in the high DE value.  The assumption could be made that the 
KletsKOUS-3 prototype is easier to manufacture, and easier to assemble, due to the interference fits 
of the assembled structure.  It should be noted that CubeSat structures that require a lot of components 
for assembly scored poorly in this category. 
 
 
 
Figure 34: Design efficiency comparison between all the applicable CubeSat entities 
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There is a big difference between the costs of the CubeSat structures, especially when the KletsKOUS 
prototypes are compared to the international products.  The focus of part- and process-standardization 
during the design phase had a defining impact in the overall cost of the spaceframe.  The repeatability 
of components meant that the setup times could be reduced, while the manufacturing process could 
be completed in a shorter time as a result of the ‘manufacturing-centred’ mind-set when designing 
the structure.  Shorter setup and manufacturing time equals lower production costs, and this in turn, 
reduces the cost of the final product.  The cost comparison between the different CubeSat structures 
can be seen in Figure 35.   
It should be taken into account that at the time of the study, the Rand was very weak, which could 
have led to this cost difference.  Even so, the KletsKOUS-3 prototype is by far the most affordable 
structure to purchase, especially if you are in South Africa.  Because the available cost of the 
benchmarked CubeSat spaceframes is the sales price, the manufacturing cost of KletsKOUS-3 was 
multiplied by a factor of three to simulate the sales price for a more accurate comparison.   
With an innovative design, and through creative manufacturing processes, the KletsKOUS-3 
prototype placed second in terms of weight.  The results of the comparison between the structure 
weights of each of the CubeSats can be seen in Figure 36 below.   
 
 
 
 
 
 
 
Figure 35: Cost comparison between the different CubeSat spaceframes 
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One of the most influencing factors of a CubeSat is the overall weight restriction.  It stands to 
reason that the less the structure weighs, the heavier the payload can be.  Finding the perfect 
balance between weight and strength is essential during the development of the spaceframe.  Even 
though the goal is to have the structure as light as possible, it must still be able to protect the 
payload during launch.   
 
  
Figure 36: Weight Comparison between all the CubeSat spaceframes 
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5.3 WEDM Dovetail Experiment 
The postulated model for accuracy based on the measurements of the 9 parts is: 
 𝒚 = 𝟎. 𝟗𝟗𝟎𝟑𝟔 + 𝟕. 𝟏𝟕 × 𝟏𝟎−𝟒𝒙𝟏 − 𝟒. 𝟓 × 𝟏𝟎
−𝟑𝒙𝟐 + 𝟕. 𝟓𝟕 × 𝟏𝟎
−𝟒𝒙𝟏𝒙𝟐  
 
The ANOVA analysis of the model is displayed in Table 17.  Here the model F-value of 13.07 implies 
that the model is significant with only a 0.84% chance that an F-value of this size could occur due to 
noise.  All values of “Prob > F” that are less than 1.05 indicates that the model terms are significant.  
In this case, the part size A, the surface roughness B, and the interaction between the two AB are 
significant.   
Table 17: ANOVA table for response surface 2-FI model 
Source 
Sum of 
Squares 
df Mean Square F-Value 
p-Value Prob 
> F 
 
Model 0.000274114 3 9.13712E-05 13.0697426 0.008401261 significant 
    A-Size 0.000169939 1 0.000169939 24.30806743 0.00435839 
 
    B-Ra 8.61811E-05 1 8.61811E-05 12.32735054 0.017081815 
 
    AB 5.73591E-05 1 5.73591E-05 8.204654019 0.035225558 
 
Residual 3.49552E-05 5 6.99105E-06 
   
Corr Total 0.000309069 8 
    
 
The normal probability plot of the studentized residuals can be seen in Figure 37a, and it clearly 
indicates the normality of the residuals as the data points tend to follow a linear equation.  Figure 37b 
displays the results of the model in a 3D plot.  Here it is seen that the surface roughness has little 
effect on the accuracy if the part size is large compared to the significant effect is has when the part 
size is small.   
Figure 37a) Normal probability plot of studentized residuals; b) 3D plot of the results of the model. 
Stellenbosch University  https://scholar.sun.ac.za
66 | P a g e  
 
To achieve the highest part accuracy when manufacturing dovetails using a WEDM process, it can 
be observed that the best results were achieved with larger part sizes and smaller surface roughness 
value.  The interaction plot between the surface roughness and the part size can be seen in Figure 37b.  
It is important to note that all of the experimental results falls within the 95% CI confidence band. 
This is an indication that the model can accurately predict what the accuracy would be, should any of 
the parameters change.   
 
5.4 Resource Efficient Process Chain Design 
The entire production process for manufacturing the CubeSat spaceframe was mapped out in Figure 
38 as an adaptation of the Value Stream Design described in Chapter XX.  This ensured that the 
improvements of the individual production processes did not get lost in the bigger picture.   
The customer information that feeds the business process include the needs statement and design 
requirements.  This information is then filtered into material selection, product design and process 
selection, which then moves on to the respective entities.  Information flow to the suppliers include 
the necessary material specifications, while the design and manufacturing data is processed by various 
CAD/CAM programs to produce the optimal manufacturing solution.  The resource efficient process 
chains developed for each of the manufacturing processes ensured that all of the information 
culminated into the maximum value added to the customer.   
  
Figure 38: Value Stream Design for the KletsKOUS-3 spaceframe illustrating the information flow and value addition 
between the various stakeholders 
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5.4.1 WEDM Manufacturing Process Chain 
The WEDM process involves cutting the rails of the CubeSat spaceframe from a 7075-T6 aluminium 
plate.  Figure 39 below depicts the primary process chain for the rails.  The material was sourced 
from Metal and Tool Trade (PTY) LTD.  A copy of the purchase order can be found in Appendix D2.  
The aluminium plate is clamped in the machine bed with a tolerance of ±0.005mm to ensure that the 
resulting part falls within the required part dimensions.  Setting up the machine involves importing 
the 2D wireframe of the profile to be cut.  The starting position of the wire is offset 1mm from the 
edge of the plate.  The reason for this starting position is that the WEDM machine needs a flat surface 
on the part to start the cut.  To achieve the required surface roughness, multiple passes needs to be 
made, thus the machine time per part is 120 min.  The inspection process involves making sure that 
the grooves in the rails which will house the side panels falls within the required tolerances to achieve 
a sliding fit with interference.  Certified gauge blocks are used to check for a go/no-go tolerance. The 
post processing of the rails ensure that the length of the rails correlates to the design specifications 
and is micro-milled to within ±0.05mm, which is well within the required tolerance range.   
The WEDM Dovetail Experiment provided great insight into the accuracy of the machine at different 
cutting parameters, and provided the necessary information needed to select the machining 
parameters.   
 
5.4.2 LBC Manufacturing Process Chain 
The laser cutting process was outsourced to a local manufacturing company called Loci Laser.  They 
also supplied the material that was used to cut the top and bottom panel for the CubeSat and the 
material price is included in the manufacturing price.  The process chain for the Laser Beam Cutting 
process can be seen in Figure 40 below.  Because the laser cutting process is a two dimensional 
process, Loci Laser required a wireframe format of the top view of the part to be cut.  The correct 
CAD file was exported as a .STEP file and the production engineer at Loci Laser uploaded the file to 
the machine.  The correct material was loaded onto the cutting bed after which the manufacturing 
process was initiated.  The exact time of manufacture could not be measured as the CubeSat 
components formed part of a batch operation in which multiple components for various customers 
are manufactured in one job.   The complete quotation to manufacture these components can be seen 
in Appendix D4.   
Figure 39: Resource efficient WEDM process chain to manufacture the CubeSat rails 
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The deburring process is necessary to remove all of the rough edges from the panels after laser cutting.  
All the edges of the part in question is manually smoothed out using a deburring tool and each panel 
is visually inspected to ensure that all of the edges are smoothed out.  The dimensions are then verified 
using a Vernier to ensure that they conform to the technical specifications.  This will insure that there 
are no unwanted interferences during the assembly process and that the component fits perfectly when 
assembled. 
 
5.4.3 Milling Manufacturing Process Chain 
Figure 41 illustrates the resource efficient process chain that was used to manufacture the CubeSat 
standoffs.  The CubeSat standoffs are milled from a 9mm x 9mm x 15mm block of 7075-T6 
Aluminium.  Each CubeSat spaceframe has eight standoffs, four on top, and four on the bottom.  The 
purpose of the standoffs are to ensure separation between the CubeSats in the P-POD by minimising 
the surface contact between each satellite.  The specialized clamping method that held the workpiece 
to the machine bed ensured repeatability of the process while greatly decreasing the setup time.  Once 
the zero point was established, the chamfer of the standoff was cut, after which the workpiece is 
turned upside down to mill the top profile, which is needed for assembly.  The top profile is a key 
feature of the standoff that integrates precisely with the rails to hold the spaceframe together.  The 
quality control of the standoffs were done with a Vernier to ensures that each part falls within the 
specific design requirements.  This strict QC process is in place because the standoffs not only 
protects the payload of the KletsKOUS CubeSat, but also ensures the safety of all of the CubeSats in 
the P-POD by providing adequate separation and minimal surface contact. 
 
Figure 40: Resource efficient LBC process chain to manufacture the CubeSat top, bottom and side panels 
Figure 41: Resource efficient Milling process chain to manufacture the CubeSat standoffs 
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Chapter 6: Conclusion and Future Work 
Future technological advancements will ensure that the miniaturization of components continues to 
satisfy all of the market trends regarding small satellites.  The reduced weight of these satellites 
inevitably lowers the launch cost, while at the same time surpassing the capabilities of satellites that 
once weighed upwards of 1000kg.  With the developments of launch opportunities, especially for 
small satellites, the market segment is expected to maintain a steady growth deep into the future.   
The KletsKOUS-3 CubeSat prototype provides a competitive edge through its modular design.  Not 
only does this provide the users with a blank canvas when it comes to satellite design, but it also 
makes the manufacturing of the components very easy.  This is supported by the fact that the CubeSat 
spaceframe scored the highest out of all the competitors with regards to design efficiency.  The low 
weight of the structure also allows for a heavier payload to be carried into space.  This can vary from 
a larger battery pack for increased function on the dark side of earth, or a more powerful camera for 
higher resolution earth observations.  This versatile CubeSat structure can provide the user with more 
opportunities to expand small satellite development, rather than limit his/her capabilities through a 
non-flexible spaceframe.   
The resource efficient process chains of the KletsKOUS-3 CubeSat utilises both traditional and non-
traditional machining methods to manufacture the components.  This allows for increased flexibility 
in the manufacturing system while at the same time producing high quality, extremely accurate 
components.  The value stream design follows each process that adds value to the customer, and in 
doing so, prevents tunnel vision by never losing sight of the bigger picture.  Figure 42 shows the cost; 
weight and DE value of the KletsKOUS-3 prototype and it is evident that it can provide future 
customers with a superior CubeSat spaceframe.   
Costing only R10800, KletsKOUS-3 is nearly half the price as that of the closest competitor, and with 
a structure weight of only 134 grams, it is well below the industry standard of 200 grams.  The unique 
interference fit mechanism makes assembling and disassembling the structure much easier, which 
simplifies the integration process with the rest of the satellite components.   
Future work on the project should include a FEA analysis to determine the structural limits of the 
spaceframe.  This will highlight any further weaknesses in the structure and efforts can be made to 
help better the design even further.  A KletsKOUS spaceframe should be used as a platform for the 
Figure 42: Design Efficiency, Cost and Weight of the KletsKOUS-3 CubeSat spaceframe prototype 
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development of a CubeSat to test how compatible the structure is with small satellite components, 
even though the design does allow for a highly customized structure.   
When compared to other designs, it is clear that KletsKOUS is a worthy option, when compared to 
the other CubeSat structure providers.  With the low cost, high design efficiency and acceptable 
structure weight, the opportunity exists for KletsKOUS to be fully commercialised and become a 
market leader in the field of CubeSat spaceframe manufacturing.   
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Appendix A: Technical Specifications Drawing for the 1U 
CubeSat Design 
This appendix includes the technical specification drawing of the 1U CubeSat design suggested by 
the California Polytechnic State University.  Within this design, two major components notably stands 
out, the side strut, and the support panel.  This drawing also includes the position of the access point 
and the coordinate system to which the CubeSat must conform.   
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Appendix B: Material Selection Procedure Results 
B2: Results of the of the Material Selection Procedure for the CubeSat 
Rails 
This appendix contains the results of the Material Selection Procedure for the rails of the CubeSat 
spaceframe.  The results were obtained by entering the required data into the CES EduPack software.  
The viable candidates are displayed in colour, while the discarded materials are displayed in grey.   
Even though it seems that the Stainless Steel Alloy might be the better option to use for the 
manufacture of the side strut member, the bubble graph indicates that the titanium alloy is able to 
withstand similar tensile forces while maintaining a lower density.   
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B2: Results of the Material Selection Procedure for the side panel of 
the CubeSat spaceframe 
This appendix contains the results of the Material Selection Procedure for the side panel of the 
CubeSat spaceframe.  The results were obtained by entering the required data into the CES EduPack 
software.  The viable candidates are displayed in colour, while the discarded materials are displayed 
in grey.   The data displayed on the bubble graph gives a clear result that the 8091 Aluminium alloy 
is the most viable candidate to use in the manufacture of the support panel.   
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Appendix C: Technical Specification Drawings 
C1: Technical Specification Drawings for the KletsKOUS-2 CubeSat 
Prototype 
C1.1: Side Panel Design for the KletsKOUS-2 CubeSat Prototype 
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C1.2: Antenna Deployment Platform Design for the KletsKOUS-2 CubeSat 
Prototype 
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C1.3: Bottom Cover Design for the KletsKOUS-2 CubeSat Prototype 
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C1.4: Deployable Solar Panel Flap Design for the KletsKOUS-2 CubeSat 
Prototype 
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C2: Design Drawings for the KletsKOUS-3 CubeSat Prototype 
C2.1: Side Panel Design for the KletsKOUS-3 CubeSat Prototype 
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C2.2: Rail Design for the KletsKOUS-3 CubeSat Prototype 
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C2.3: Top and Bottom Panel Design for the KletsKOUS-3 CubeSat 
Prototype 
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C2.4: Standoff Design for the KletsKOUS-3 CubeSat Prototype 
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Appendix D: Quotations used to Calculate the Cost of the 
CubeSat Prototypes 
D1: Quotation for manufacturing the KletsKOUS-2 Prototype 
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D2: Quotation for the Procurement of 7075-T6 Aluminium Plate 
Needed for the Manufacture of the CubeSat Rails and Standoffs 
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D3: Detailed Quotation for manufacturing the Rails for the 
KletsKOUS-3 CubeSat prototype 
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D4: Detailed Quotation for Manufacturing the Top, Bottom and Side 
Panels for the KletsKOUS-3 CubeSat Prototype 
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